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Inflammation is a highly regulated process in which macrophages play a 
fundamental role. These are activated through pattern-recognition 
receptors that cause the secretion of cytokines by activating the TLR4-
Tpl2-ERK1/2 pathway. Our laboratory has shown that the absence of p38g 
and p38d (p38g/p38d) caused a decrease in the protein levels of Tpl2 and 
ABIN2. Consequently, ERK1/2 was not activated, thus blocking the 
production of cytokines and decreasing the effects in the inflammatory 
model of septic shock (Risco et al., 2012). 
In this thesis we have described for the first time that, in macrophages in 
response to Candida albicans infection, the signaling pathways TAK1-IKK-
Tpl2-ERK1/2 and Raf-1-ERK1/2 are activated under Dectin-1. We have also 
described how the absence of p38g/p38d blocks the activation of ERK1/2 
by decreasing the protein levels of Tpl2. 
Due to the central role of Tpl2 in macrophages, we have studied the 
molecular mechanism by which p38g/p38d regulate Tpl2 proteins levels. 
We have described that p38g/p38d interact with the Tpl2/ABIN2/p105 
complex through Tpl2 thus contributing to its stability. In this study we 
observed that the translation of Tpl2 and ABIN2 decreases in the absence 
of p38g/p38d, and that p38d could specifically regulate the translation of 
the Tpl2 mRNA through its 3'UTR. In turn, p38g/p38d could be regulating 
cap-independent translation of proteins. 
Finally, we studied which signaling pathways downstream of the TLR4 
receptor were modulated by p38g/p38d independently from Tpl2. For this, 
we generated a new mouse line p38g171A/171A/p38d-/-, which is deficient in 
p38d and expresses inactive p38g; it also expresses normal levels of Tpl2. 
By the comparative study of RNA sequencing in p38g171A/171A/p38d-/-
macrophages stimulated with LPS we have discovered that they induce the 
overproduction of proteins related to the interferon type I response. 
Our results establish that p38g/p38d regulate the production of cytokines 







La inflamación es un proceso altamente regulado en el que los macrófagos 
juegan un papel fundamental. Estos se activan a través de receptores que 
reconocen patrones moleculares que causan la secreción de citoquinas 
mediante la activación de la vía TLR4-Tpl2-ERK1/2. Nuestro laboratorio 
observó que la ausencia de p38g y p38d (p38g/p38d) provocaba una bajada 
de los niveles proteicos de Tpl2 y ABIN2. En consecuencia, ERK1/2 no se 
activaba, bloqueando así la producción de citoquinas y disminuyendo los 
efectos en el modelo inflamatorio de choque séptico (Risco et al., 2012). 
En esta tesis hemos descrito por primera vez que, en macrófagos en 
respuesta a infección por Candida albicans, las vías de señalización TAK1-
IKK-Tpl2-ERK1/2 y Raf-1-ERK1/2 se activan por debajo de Dectin-1. 
También hemos descrito como la ausencia de p38g/p38d bloquea la 
activación de ERK1/2 al disminuir los niveles proteicos de Tpl2. 
Debido al papel central de Tpl2 en macrófagos, hemos estudiado el 
mecanismo molecular por el que p38g/p38d regulan los niveles de Tpl2. 
Hemos descrito que p38g/p38d interaccionan con el complejo 
Tpl2/ABIN2/p105 a través de Tpl2 contribuyendo así a su estabilidad. En 
este estudio observamos que la traducción de Tpl2 y ABIN2 disminuye en 
ausencia de p38g/p38d, y que p38d podría regular específicamente la 
traducción del mRNA de Tpl2 a través de su 3’UTR. A su vez, p38g/p38d 
podrían estar regulando la traducción cap-independiente de proteínas. 
Finalmente, hemos estudiado qué vías de señalización por debajo del 
receptor de TLR4 estaban modulando p38g/p38d independiente de Tpl2. 
Para ello generamos una nueva línea de ratón p38g171A/171A/p38d-/-, que es 
deficiente en p38d y expresa la p38g inactiva; además expresa niveles 
normales de Tpl2. Mediante el estudio comparativo de la secuenciación 
de RNA en macrófagos p38g171A/171A/p38d-/- estimulados con LPS hemos 
descubierto que inducen la sobreproducción de proteínas relacionadas 
con la respuesta de interferón de tipo I. 
Nuestros resultados establecen que p38g/p38d regulan la producción de 
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 Macrophage Immune Response. 
The immune system has evolved to protect hosts from invading 
pathogens, tissue damage and disease, it has a wide variety of cells and 
molecules that are able to detect an indefinite number of invaders (Kindt, 
T. et al., 2007). In vertebrate, the immune response has developed into two 
interlinked subsystems: the innate immunity and the adaptive immunity. 
The innate immunity is the first line of host defence and is elicited by the 
activity of phagocytic cells (neutrophils, monocytes and macrophages), 
cells that release inflammatory mediators (basophils, mast cells and 
eosinophils), and natural killer. The adaptive immunity is mainly fulfilled 
by B and T cells (Delves and Roitt, 2000). Tissue damage caused by a 
wound or an invading pathogen induces the activation of the host defence 
by triggering the inflammatory response that is classically characterised 
by four symptoms: redness, swelling, heat and pain. These features 
correlate with the biological functions of vasodilation, increased capillarity, 
permeability and influx of phagocytes (Kindt, T. et al., 2007; Takeuchi and 
Akira, 2010). 
 The inflammatory process is tightly regulated, involving signals 
that initiate and maintain inflammation and signals that stops the 
inflammatory response. Macrophages are a major component of the 
mononuclear phagocyte system. Monocytes, that are originated in the 
bone marrow of vertebrates, travel through the blood vessels and migrate 
to extravasate to specific tissues where they differentiate into 
macrophages (Murray and Wynn, 2011). These cells are part of the first 
line of immune system defence and play a critical role in inflammation by 
having four main functions: antigen presentation, antimicrobial and 
cytotoxic activities, phagocytosis and immunomodulation through the 








1.1.1 Candida albicans infection and septic shock. 
Fungal pathogens have an enormous impact in plant and animal life. They 
have been related to species extinction, food security and ecosystem 
disturbance (Brown et al., 2012). The variety of fungal species is about 3.5-
5.1 million but only several hundred are associated with human diseases 
(Kim, 2016). Candida yeast, belong to the fungal species and are classified 
as opportunistic pathogens, meaning they are only pathogenic under 
certain circumstances. In normal conditions, overgrowth of Candida is 
inhibited by both specific and non-specific defence systems such as 
immune system, intestinal flora, peristalsis, intestinal enzymes and 
defensins (Schulze and Sonnenborn, 2009). Fifteen different Candida 
species can be pathogenic for humans and ~90% of the invasive candidiasis 
are associated with only five of the them, which include Candida albicans 
(C. albicans) (Dadar et al., 2018).  
 The majority of the studies in host defence against fungus have 
been performed studying C. albicans because is the most abundant in 
humans. C. albicans is part of the human microflora, and is present as a 
diploid polymorphic yeast in mucosal surfaces such as the human 
gastrointestinal, respiratory and genitourinary tracts. However, C. albicans 
can cause severe invasive diseases when tissue homeostasis is disrupted. 
Fungi are then able to colonize and infect the host, which causes sepsis, 
hypersensitivity disorders or toxic reactions. Septic shock or sepsis leads 
to acute organ disfunction and it is the most frequent cause of death in 
intensive care unit´s patients (Angus and van der Poll, 2013; Deutschman 
and Tracey, 2014). Risk factors for sepsis has not been discovered, the 
affected hospitalized patients cover a wide range of factors that does not 
differ between race, geography or health status. The survival of the patient 






(Deutschman and Tracey, 2014). C. albicans is the predominant pathogen 
associated with fungal sepsis, being the cause of 15% of the infections of 
intensive care unit´s patients (Delaloye and Calandra, 2014). This leaves C. 
albicans as the 7 – 10 position of the most common blood stream infections 
(Kullberg and Arendrup, 2015). Currently, systemic C. albicans infections 
have a mortality rate of ~40% in intensive care unit patients (Dadar et al., 
2018; Netea et al., 2015). 
 
1.1.2 Recognition of C. albicans by macrophages: Pattern recognition 
receptors (PRRs). 
The innate immune system is capable of discriminate a large number of 
potential pathogens from the individual´s own molecules. Innate immune 
cells have developed a number of pattern-recognition receptors (PRRs) 
that recognize conserved motifs of pathogens. These conserved motifs are 
part of essential molecules for pathogens survival and so, they are not 
subjected to high mutation rates (Aderem and Ulevitch, 2000; Akira et al., 
2006). These motifs are called pathogen-associated molecular patterns 
(PAMPs) and are recognized by the PRRs in cells, that reside in the tissue 
such as: macrophages, fibroblasts, mast cells and dendritic cells, or in 
circulating leukocytes like monocytes and neutrophils. Other molecules 
recognized by PRRs are the ones released from injured cells, which are 
classified as damage-associated molecular patterns (DAMPs). Four 
different families have been identified as PRRs: Toll-like receptors (TLRs), 
C-type lectin receptors (CLRs), retinoid acid-inducible gene I (RIG-I)-like 
receptors (RLRs) and nucleotide oligomerization domain (NOD)-like 
receptors (NLRs) (Newton and Dixit, 2012; Takeuchi and Akira, 2010). 
These receptors activate signalling pathways that induce the production of 
a wide variety of downstream genes encoding inflammatory cytokines, 
chemokines, antimicrobial peptides, complement factors and interferons 






fungus through TLR receptors TLR2, TLR4 and TLR6 and CLR receptor 
Dectin-1 (Netea et al., 2015). 
 
1.1.2.1 Toll-like receptors (TLRs). 
TLR receptor family are able to recognize fungal, bacterial and viral 
PAMPs from the extracellular environment. They are type I 
transmembrane proteins that contain leucine-rich repeats (LRRs) with a 
cytoplasmatic domain that contain a signal transductor called 
cytoplasmatic Toll/interleukin (IL) 1 receptor (TIR). In mice there are 12 
TLRs (TLR1 – TLR9 and TLR11 – TLR13), while in humans there are 10 
TLRs (TLR1 – TLR10). All TLRs are either at the plasma membrane (TLR1, 
TLR2, TLR4, TLR5, TLR6 and TLR11) or in endosomes (TLR3, TLR7, 
TLR8, TRL9 and TLR10). TLR activated pathways such as nuclear factor-
kB (NF-kB), mitogen activated protein kinases (MAPKs) and interferon 
regulatory factors (IRFs), are regulated by phosphorylation and 
ubiquitination (Liu and Cao, 2016). With the exception of TLR3, all TLRs 
bind to the adaptor protein myeloid differentiation primary response 88 
(MyD88) alone or in combination with the TIR adaptor protein (TIRAP) 
(Newton and Dixit, 2012; Takeuchi and Akira, 2010) (Fig. I-1). TLR3 binds 
to the adaptor TIR domain-containing adaptor-inducing IFNb (TRIF) 
directly. Additionally, TLR4 is endocytosed after MyD88/TIRAP 
activation and recruits TRIF indirectly through TRIF-related adaptor 
molecule (TRAM) from early endosome (Kagan et al., 2008). This makes 
TLR4 the only TLR that recruits MyD88/TIRAP and TRAM/TRIF and that 
signals through TRIF- and MyD88-dependent pathways (Ullah et al., 2016) 
(Fig. I-1). 
 In the TLR family, one of the most studied receptors is the TLR4, 
which interacts with lipopolysaccharide (LPS), a PAMP found in the 
external membrane of Gram (–) (Fig. I-1). LPS interacts with TLR4 and the 






centre (SMOC) known as Myddosome. The Myddosome is composed by 
MyD88, TIRAP and proteins from the interleukin-1 receptor associated 
kinase (IRAK) family (Lin et al., 2010; Motshwene et al., 2009). The E3 
ubiquitin protein ligase, tumor necrosis factor (TNF)-Receptor-Associated 
Factor 6 (TRAF6), interacts with the IRAK proteins and catalyses the 
formation of Lys63 linked polyubiquitination chains that recruits the 
TGFb-activated kinase I (TAK1) complex (Lomaga et al., 1999; Wang et al., 
2001). TAK1 can be found in two different complexes in the cell, one with 
TAK1 binding protein 1 (TAB1) and TAB2, the other with TAB1 and TAB3 
(Cheung et al., 2004). TAK1 is essential for the activation of the canonical 
complex protein kinase inhibitor of kB (IkB) kinase (IKK) (Sato et al., 2005; 
Shim et al., 2005). IKK complex is compose of two catalytic subunits, IKKa 
and IKKb, that induces the activation of the NFkB (DiDonato et al., 1997; 
Mercurio et al., 1997; Zandi et al., 1997). IKK complex also has an essential 
component (IKKg) that modulates the complex (Rothwarf et al., 1998; 
Yamaoka et al., 1998). TAK1 phosphorylates mitogen-activated protein 
kinase kinase 4/6 (MKK4/6) and activates the IKK complex by catalysing a 
priming phosphorylation of IKKb that permits its autophosphorylation 
and its own activation (Li et al., 2003; Wang et al., 2001; Zhang et al., 2014). 
IKK complex and MKKs activation will lead to NFkB and MAPK signalling 
pathway activation and transcription of pro-inflammatory cytokine (Akira 
et al., 2006; Cohen, 2014; Newton and Dixit, 2012). As mentioned before, 
TLR4-MD2-LPS complex is internalized into endosomes where it binds 
to TRAM, which induces the SMOC Triffosome formation (Kagan et al., 
2008). The Triffosome is assembled by the recruitment of TRIF to 
TLR4/TRAM and activates TRAF3/6 to promote IRF3-dependent type-I 
interferon (IFN) production (Fitzgerald et al., 2003; Hoebe et al., 2003; 










Figure I-1. TLR4 signalling pathway. LPS triggers TLR4 signalling by the recruitment of 
MyD88 and IRAK family to the receptor for Myddosome formation. Mydossome 
assembly recruits and activates TAK1 complexes, which in turn activate the canonical IKK 
complex and MKK4/3/6. IKK complex activates the transcription factor NFkB inducting, 
together with MAPKs, the transcription of cytokines. Internalized TLR4-MD2-LPS 
complex recruits TRAM and TRIF, which form the Triffosome that induces IRF3-





















































1.1.2.2 Dectin 1 receptor signalling. 
Different families of PRRs such TLRs and CLRs recognise mannan-
containing structures and b-glucans, respectively, present in C. albicans cell 
wall (Netea et al., 2015).  
 
 
Figure I-2. Activation of Dectin-1 receptor signalling pathways. The adaptor protein 
spleen associated tyrosin kinase (Syk) binds to Dectin-1 after stimulation by b-glucans 
such us Curdlan. Syk activates two different complexes; caspase recruitment domain 






















Lymphoid tissue lymphoma translocation (MALT1) and CARD9/Ras protein specific 
guanine nucleotide releasing factor (RasGRF1)/Harvey rat sarcoma viral oncogene 
homolog (H-Ras). CARD9/Bcl10/MALT1 activates MKK1/2-ERK1/2 and IKKs-NFkB 
pathway. On the other hand, CARD9/RasGRF1/H-Ras activates MKK1-extracelular signal 
regulated kinase (ERK1/2) and the non-canonical NFkB pathway through rapidly 
accelerated fibrosarcoma (Raf). ERK1/2 and NFkB activation leads to cytokine 
transcription. 
In macrophages, the TLRs that are involved in C. albicans recognition are 
TLR2, TLR4 and TLR6. Dectin-1, which is the main CLR in macrophages, 
is also implicated in C. albicans recognition. It is well known that upon 
PAMPs detection PRRs trigger the activation of MAPK cascade, 
particularly the ERK1/2 pathway. The molecules implicated in the ERK1/2 
activation downstream of TLR are well described, however, little is known 
about the ones involved in Dectin-1 signalling (Geijtenbeek and Gringhuis, 
2009; Lee and Kim, 2007; Netea et al., 2015). Dectin-1 stimulation activates 
the adaptor protein Syk, which induces the recruitment and formation of 
the scaffold complex CARD9/BCL10/MALT1 that leads to both IKKs-NF-
kB and MKK1-ERK1/2 activation (Gross et al., 2006; Rogers et al., 2005; 
Underhill et al., 2005). Another signalling pathway that is activated in 
response to C. albicans infection is the non-canonical NF-kB pathway that 
is activated through Raf-1 (Gringhuis et al., 2009). This suggested that 
multiple signalling pathways induced NFkB activation. It was described 
that after Dectin-1-Syk signalling activation, the protein CARD9 forms 
another complex with RasGRF1 and H-Ras mediating ERK1/2 activation 
(Geijtenbeek and Gringhuis, 2009; Hoving et al., 2014; Jia et al., 2014) (Fig. 
I-2).   
 
1.1.3 MAPK signalling. 
MAPK family compromise a group of proteins evolutionary conserved 
that are ubiquitously expressed. The activation of MAPK pathways 






stimuli such as alterations in nutrient concentration, growth factors, 
cytokines, environmental stress, alteration in nutrient concentration, 
DAMPs and PAMPs. All MAPKs are activated by a dual phosphorylation 
on Tyr and Thr in the conserved sequence Tyr-X-Thr that is located in 
the activation loop of the kinase subdomain VIII.  
 MAPKs are activated by MKKs (also known as MAP2Ks, mitogen 
associated protein 2 kinase), MKKs N-terminal region acts as a docking site 
for the activation loop of the MAPKs. The structure of the MKK region 
makes phosphorylation of MAPKs very selective. The MKK are also 
selectively activated by MAP3Ks (MKKK) such as Tpl2, Raf or TAK1 
(Cuenda and Rousseau, 2007; Kyriakis and Avruch, 2012). 
 MAPKs are Pro directed kinases that phosphorylate Ser/Thr 
residues followed by Pro. The MAPKs family include ERK 1, 2 and 5, the 
c-jun N-terminal kinases (JNKs) and p38 MAPKs (Fig. I-3). These proteins 
have been broadly studied in the innate immune response (Arthur and Ley, 










Figure I-3. MAPK signalling in innate immunology. MAP3K protein family selectively 
phosphorylate MKKs, which selectively phosphorylate their MAPK and finally their 
substrates. ASK1 (apoptosis signal-regulating kinase-1), MEKK (MAPK/ERK kinase 
kinases), c-jun N-terminal kinase (JNK), MK (MAPK-activated protein kinase), MLKs 
(mixed-lineage kinases), MNK (MAPK-interacting protein kinase), MOS (proto-oncogene 
Ser/Thr-protein kinase), MSK (mitogen and stress-activated kinase), TAO (thousand-
and-one amino acid). Figure from (Arthur and Ley, 2013). 
 
1.1.3.1 ERK1/2 signalling pathway: Tpl2/ABIN2/p105 complex. 
ERK1 and ERK2 are MAPKs that are ubiquitously expressed and involved 
in the Ras-Raf-MKK1/2-ERK1/2 pathway. This pathway regulates many 
physiological process, such as cell adhesion, cell cycle progression, cell 
migration, cell survival, differentiation, metabolism, proliferation and 
transcription (Roskoski, 2012). Ras-Raf-MKK1/2-ERK1/2 pathway has also 
been thoroughly studied because it is involved in the development of one-
third of all human cancers (Roskoski, 2012). Ras protein family has three 
gene products, H-Ras, K-Ras and N-Ras, that change from Ras-GDP to 
Ras-GTP that activates the MAP3K Raf-1 (Roskoski, 2012). In the immune 
system, especially in macrophages and dendritic cells, ERK1/2 is also 
activated by the MAP3K tumor progression locus 2 (Tpl2) (Gantke et al., 
2011). 
 Tpl2 is a Ser/Thr kinase also known as ‘cancer Osaka thyroid’ 
(COT) (Miyoshi et al., 1991). The gene is known as MAP3K8, is widely 
expressed and is found as a 58 and 52 kDa protein isoforms due to 
alternative translational initiation at Met 1 (M1) or Met 30 (M30) (Aoki et 
al., 1993). Both isoforms M1-Tpl2 and M30-Tpl2 are predominantly 
localized in the cytoplasm (Miyoshi et al., 1991) and forms a ternary 
complex with two other proteins, NF-kB1 (p105) and A20-binding 
inhibitor of NF-kB2 (ABIN2) (Belich et al., 1999; Lang et al., 2004). Tpl2-






(TNFR), CD40 or IL1 receptor (Fig. I-4)  (Gantke et al., 2011; Xu et al., 2018). 
 The formation of Tpl2/ABIN2/p105 ternary complex has two 
important functions for Tpl2. One is to prevent the activation of Tpl2, by 
the interaction of the death domain of p105 with Tpl2 kinase domain 
(Beinke et al., 2003), and the other, is to maintain the stability of Tpl2, by 
interacting with ABIN2, although Tpl2/ABIN2 interaction is not necessary 
for the phosphorylation of MKK1/2 by Tpl2 (Lang et al., 2004; 
Papoutsopoulou et al., 2006). Recent findings indicate that Tpl2 is 
necessary for the stability of ABIN2 (Fig. I-4) (Sriskantharajah et al., 2014; 
Ventura et al., 2018). 
 
Figure I-4. Tpl2/ABIN2/p105 complex. TLRs signalling activates IKK complex by 
phosphorylating IKKb that in turn phosphorylates p105 and Tpl2 in the 
Tpl2/ABIN2/p105 complex. Tpl2 will phosphorylate MKK1/2 and MKK3/6. All 




















proteasome. MKKs phosphorylate p38MAPK and ERK1/2 that induce the transcription of 
cytokines. 
 IKKb phosphorylates p105 and Tpl2, which activates Tpl2 that 
phosphorylates MKK1/2. The phosphorylation of p105 promotes the 
release of Tpl2 from the complex (Beinke et al., 2004; Waterfield et al., 
2003). The phosphorylation of Tpl2 by IKKb in Ser400 induces the 
autophosphorylation of Tpl2 in Ser443. The autophosphorylation of Tpl2 
promotes its interaction with 14-3-3, that is key for the phosphorylation of 
MKK1/2 and ERK1/2 activation (Ben-Addi et al., 2014). It has been recently 
demonstrated that Tpl2 phosphorylates MKK3/6 and therefore activate 
p38MAPKs in macrophages stimulated with Gram-negative bacteria, 
Mycobacterium tuberculosis and Listeria monocytogenes (Pattison et al., 2016; 
Xu et al., 2018). Once the Tpl2/ABIN2/p105 ternary complex separates, all 
components are degraded by the proteasome to stop the induction of pro-
inflammatory cytokines and the proteins that forms the Tpl2/ABIN2/p105 
complex is synthetized de novo (Fig. I-4) (Lang et al., 2004; Papoutsopoulou 
et al., 2006). 
 
1.1.3.2 p38 MAPK pathway. 
p38 MAPK family is a group of proteins composed of four isoforms called 
p38a , p38b, p38g and p38d encoded by different genes MAPK14, MAPK11, 
MAPK12 and MAPK13, respectively. They are widely expressed although 
with different tissue expression patterns. p38MAPK are phosphorylated by 
different MKKs (MKK3, MKK6 and MKK4) (Fig. I-5). p38a is 
phosphorylated mainly by MKK3/6 but under ultraviolet stimulation can 
be phosphorylated by MKK4 (Brancho et al., 2003; Kang et al., 2006). p38b 
and p38g are both phosphorylated by MKK6 and MKK3, whereas p38d was 
found to be primarily phosphorylated by MKK3 (Remy et al., 2010). 
 p38a was the first p38MAPKs discovered (Han et al., 1994; Lee et 






studied by the scientific community. p38a-/- mouse has been 
demonstrated to induces embryonic lethality (Adams et al., 2000), 
whereas p38b deletion are viable, fertile and have no apparent phenotype 
(Beardmore et al., 2005). Although, p38b expression is decreased in most 
tissues, it has been shown that p38a and p38b complement each other 
during embryonic heart development (Barrantes et al., 2011). p38g and 
p38d are not as widely expressed. p38g is predominantly expressed in 
skeletal muscle, while p38d is found mainly in the kidney, testis, pancreas 
and small intestine (Goedert et al., 1997; Kumar et al., 1997; Lechner et al., 
1996; Li et al., 1996; Wang et al., 1997). Our group has generated p38g-/- 
and/or p38d-/- mice. These mice are viable and fertile and without 
apparent phenotype (Sabio et al., 2005). We have found that p38g and p38d 
are not as widely expressed as p38a, however, they still have a big impact 
in health and disease as recently demonstrated using different pathology 
animal models (Cuenda and Sanz-Ezquerro, 2017; Escós et al., 2016). 
 The p38 MAPK family is subdivided in two groups, on one hand 
p38a and p38b and on the other, p38g and p38d. This subdivision is based 
on their homology in sequence, p38a and p38b have 75% identical 
sequence and p38g and p38d are ~70% (Kumar et al., 1997; Wang et al., 1997); 
their susceptibility to different inhibitors, p38a and p38b isoforms are 
inhibited by SB203580 and other pyridinyl imidazoles (Bain et al., 2007; 
Goedert et al., 1997) and by the diaryl urea compound BIRB796, which at 
much higher concentrations can also inhibit p38g and p38d (Bain et al., 
2007; Kuma et al., 2005). Finally, the two p38MAPK subgroups have 
different specificity against different substrates. Many substrates have 
been described for p38a and p38b, from transcription factors to protein 
kinases, while the number of known p38g and p38d targets is still small in 
part because of the absence of specific inhibitors for these two kinases (Fig. 








 Figure I-5. p38MAPK. These pathways can be activated by growth factors, 
inflammatory cytokines, and a wide range of cellular stresses. Stimuli activate MAP3K 
that phosphorylate MAP2K who phosphorylate MAPK. The p38MAPKs are 
phosphorylated by MKKs to then phosphorylate different substrates, including protein 
kinases, cytosolic substrates and transcription factors. eEF2K (eukaryotic elongation 
factor 2 kinase), hDlg (human disc large), PKD1 (protein kinase D1), PSD95 (post-synapse 
density 95), PTPH1 (protein tyrosine phosphatase H1). Figure from (Escós et al., 2016). 
 
1.1.3.3 p38g and p38d MAPK: The alternative p38MAPK. 
p38g and p38d MAPK substrates and their biological function have been 
discovered in recent years (Cuenda and Sanz-Ezquerro, 2017). In the case 
of p38d, this kinase phosphorylates the neuronal microtubule-associated 
protein Tau in the same residue that are found phosphorylated in 
Alzheimer´s disease patients (Feijoo et al., 2005); the eEF2K, which has 
been claimed to regulate TNFa translation in liver (González-Terán et al., 
2013; Knebel et al., 2001, 2002); the PKD1, that control chemotaxis of 
neutrophils and regulates insulin secretion and cell death in pancreatic b 
cells (Ittner et al., 2012; Sumara et al., 2009); and the signal adaptor p62 
that controls mammalian target of rapamycin complex 1 (mTORC1) 
activation, autophagy and tumour growth (Fig. I-5) (Linares et al., 2015). 






the help of a unique feature found in its C-terminal sequence (-KETXL), 
which is able to interact with proteins that contain PDZ domains. Thus, 
p38g interacts and phosphorylates a1-syntrophin, synapse-associated 
protein (SAP) 90/PSD95, hDlg, also known as SAP97 and PTPH (Hasegawa 
et al., 1999; Hou et al., 2010; Sabio et al., 2004, 2005). PTPH 
phosphorylation by p38g has been shown to leads to oncogenic 
transformation of fibroblasts expressing K-Ras (Hou et al., 2010). p38g-/- 
mice was found to increase seizure severity during neuronal excitotoxicity 
stimuli. The molecular mechanism responsible was the interaction of p38g 
with PSD95/Fyn/Tau complex through PSD95 PDZ domain, that induces 
the phosphorylation of PSD95 and Tau by p38g in a different site found in 
Tau phosphorylated by p38d. This phosphorylation induces Tau 
dissociation from the PSD95/Fyn/Tau complex and inhibits amyloid-b 
toxicity (Ittner et al., 2016). Another substrate of p38g dependent on PDZ 
domain interaction is hDlg. Phosphorylation of hDlg by p38g negatively 
regulates hDlg interaction with cytoskeletal guanylate kinase-associated 
protein (GKAP) and Kif13b (Noseda et al., 2016; Sabio et al., 2005). 
Although p38g phosphorylates Ser158, Thr209 and Ser442 residues of 
hDlg, Thr209 was still phosphorylated in p38g-/- cells by p38d and only 
decreased in p38g/d-/- cells, demonstrating a redundancy in the activity 
between p38g and p38d (Sabio et al., 2005). In previous studies it has been 
demonstrated that p38g has a physiological role independent from its 
kinase activity. In fibroblasts under osmotic stress p38g accumulates in the 
nucleus where, p38g-hDlg association displaces hDlg from the 
hDlg/protein-associated splicing factor (PSF)/p54nrb/RNAs complex 
(Sabio et al., 2010). Proteins that are phosphorylated by p38g that do not 
have a PDZ domain are; the transcription factor MyoD, which 
phosphorylation by p38g decreases its transcription factor capacity 
(Gillespie et al., 2009); and the heat shock factor 1 (HSF1) that its 






which controls heat shock response (Fig. I-5) (Dayalan Naidu et al., 2016). 
 The biological functions of p38g and p38d (p38g/p38d) have been 
studied using different mouse models, in both single knock out mice for 
p38g and p38d, and double knock out mice for p38g/p38d. The absence of 
both p38g/p38d increases the phenotype of the mouse models eliminating 
the redundancy between both kinases (Cuenda and Sanz-Ezquerro, 2017). 
p38g/p38d are implicated in inflammatory disease like arthritis, where 
they regulate T cell activation, cytokine and antibody production and 
bone destruction (Criado et al., 2013); and the development of different 
cancers associated to inflammation, such as colon cancer associated to 
colitis or skin epithelial papilloma, where they are involved in cytokine 
production, immune cell recruitment and cell transformation (Reino et al., 
2014; Zur et al., 2015). p38g/p38d are also involved in regulating protein 
synthesis in heart muscle, by phosphorylating the protein DEP domain 
containing MTOR interacting protein (DEPTOR), which is an inhibitor of 
mTOR (González-Terán et al., 2016). 
 The role of p38g/p38d in the regulation of cytokine production 
has been thoroughly studied in recent years. Our laboratory found that 
when inducing septic shock in mouse model by injecting LPS/D-
Galactosamine (D-Gal), the survival of p38g/d-/- mice was significantly 
increased compared to wild type (WT) mice survival. This effect was due 
to a lower production of proinflammatory cytokines such as IL1b or TNFa 
by p38g/d-/- mice (Risco et al., 2012). p38g/d-/- macrophages, which were the 
primarily producers of cytokines in the septic shock mouse model 
secreted less IL1b and IL10 and higher levels of IFNb and IL12 (Risco et al., 
2012). The signalling pathway affected in these cells was the TLR4-Tpl2-
ERK1/2 that is activated by LPS (Fig. I-6). The molecular mechanism by 
which p38g/p38d regulated the cytokine production was by modulating 
Tpl2 and ABIN2 proteins levels and in consequence disrupting ERK1/2 






ERK1/2 phosphorylates metalloproteinase TNFa-converting enzyme 
(TACE) needed for TNFa protein maturation and secretion (Rousseau et 
al., 2008). p38g/p38d have been demonstrated to also regulate translation 
of TNFa in the liver by the pathway p38g/d-eEF2k-eEF2, although the 
complete mechanism by which this specificity might occur has not been 
described yet (González-Terán et al., 2013; Knebel et al., 2001; Proud, 2015). 
p38d was described to mediate IL1b secretion by activating NLRP3 
inflammasome that is found upregulated in atherosclerosis that induces 
inflammation and accumulation of lipids in the arterial wall (Fig. I-6) 
(Rajamäki Kristiina et al., 2016). 
 
 
Figure I-6. Alternative p38MAPK in macrophages. LPS activates TAK1 complex. TAK1 
activates IKK complex that activates the MAP3K Tpl2. Tpl2 activates MKK1/2/3/6 that 
activates ERK1/2 and p38MAPK to induce cytokine and chemokine transcription. p38a 
phosphorylates TAB1 blocking TLR4 signalling. ERK1/2 phosphorylates TACE, that is 
needed for TNFa processing and release. p38d activates the inflammasome for IL1b 















































processing. eEF2K is phosphorylated by p38d to promote TNFa mRNA translation 
elongation. Figure from (Cuenda and Sanz-Ezquerro, 2017). 
 
 Translation. 
Recent data showed that the protein abundance in the cell is mainly 
controlled at translational level. Only ~40% of the protein levels changes 
are explained by the shift in the mRNA levels, which are mainly due to 
their transcription rate. It has been shown that mRNA and protein stability 
are minor contributors to mRNA and proteins total levels respectively due 
to the energy waste (Schwanhäusser et al., 2011). Protein synthesis is a 
highly conserved process that uses ribosomes to decode mRNA templates 
to produce specific amino acid chains. There are many signalling 
pathways involved in the regulation of translation, MAPKs pathways are 
among the best understood (Roux and Topisirovic, 2018). 
 mRNAs translation can be regulated by both general or specific 
mechanism base of mRNA modifications and sequences. The canonical 
modifications of mRNA ends are, the cap structure (5´m7GpppN) at the 5’ 
end and the poly(A) tail at the 3’ end, both are the promoters of translation 
initiation and are highly regulated (Gebauer and Hentze, 2004). Other 
structure and regulatory mRNA sequences are: the internal ribosomal 
entry sequences (IRES), which are found in the 5´untranslated region 
(5’UTR) mediating cap-independent translation initiation; the upstream 
open reading frames (uORFs), that normally inhibit translation from the 
main ORF; secondary and ternary RNA structures (hairpins), which can be 
part of the IRES element, also regulates cap-independent translation; and 
finally specific binding sites for regulatory complexes that include RNA 











Figure I-7. Elements that influence translation of mRNAs. The 7-methilguanosine 
connected to the mRNA via 5’ to 5’ triphosphate linkage (m7GpppN) forms the cap 
structure at the 5’end of the mRNA. Hairpin (that acts as secondary/ternary structure), 
IRES elements mediate cap-independent translation, upstream open reading frame 
(uORF) followed by ORF and finally Poly(A) tail are indicated at the 3’ end. Red ovals 
represent regulatory mRNA sequences where RBP or microRNAs bind specifically. 
Figure adapted from (Gebauer and Hentze, 2004). 
 
 The translation process has four phases: initiation, elongation, 
termination and ribosome recycling. Initiation phase is the most regulated 
in translation, the AUG start codon is identified by the first tRNA, 
methionyl tRNA initiation (Met-tRNAi), that is recruited to the ribosome 
(Hershey et al., 2012; Sonenberg and Hinnebusch, 2009). The initiation 
phase, canonical cap-dependent translation, starts with the assembly of the 
eIF4F complex at the 5’ end of the mRNA. This complex is composed by 
the 5’m7GpppN (cap) binding factor eIF4E, which interacts with the 
scaffold protein eIF4G, and the DEAD-box helicase protein eIF4A 
(Sonenberg and Hinnebusch, 2009). Poly(A) binding protein (PABP) on 
the 3’ poly(A) end interacts with eIF4G at the cap, where this circularization 
of the mRNA creates a closed loop and promotes translation initiation. 40S 
small ribosomal subunit is preassembled forming the 43S pre-initiation 
complex (43SPIC) that contains Met-tRNAi and eukaryotic initiation 
factor (eIFs) 1, 1A, 2, 3 and 5 (Sonenberg and Hinnebusch, 2009). 43S PIC 
is recruited to 5’ end of the mRNA facilitated by the cap structure, eIF4F 
complex, and scans for AUG initiation codon (Fig. I-8) (Leppek et al., 2018; 
Sonenberg and Hinnebusch, 2009). This complex is highly regulated and 
the different components can be post-translationally modified inducing 












Figure I-8. Elements that influence cap-dependent translation. eIF4E binds to the Cap-
structure with scaffold protein eIF4G and Dead-box helix eIF4A. Poly(A) binding protein 
(PABP) binds to the 3’UTR and eIF4G, creating a closed loop. 1) 43SPIC contains 40S 
ribosomal subunit, eIF2 ternary complex (GTP-eIF2-Met-tRNAi) and eIF3 with eIF1, 1A 
and 5 not shown. 2) 43PIC is recruited to the eIF4E complex and scans for AUG initiation 
codon binding to eIF4A that unwinds 3’ end of the mRNA. 3) 43S PIC bound to AUG in a 
stable manner generated the 48S complex. 4) 60S ribosomal subunit binds to the 48S 
complex and finally 5) 80S formation releases eIFs for the elongation phase. Figure 
adapted from (Leppek et al., 2018). 
 
 Virus have evolved IRESs to evade host translation regulation by 
evading cap-dependent initiation. IRES form secondary and ternary 
structures to evade the need of some or all eIFs. These structures have 
been used in research to study step mRNA translation (Chio et al., 2016). 
For translation initiation of Hepatitis C virus (HCV) mRNAs, their IRES 
requires eIF2 ternary complex (GTP-bound eIF2 and Met-tRNAi) and eIF3 
to bind 40S forming the 48S complex, while cricket paralysis virus (CrPV) 
does not require any eIFs. CrPV-IRES directly binds to 80S ribosome and 
starts from the elongation phase using eEF2 and eEF1A (Leppek et al., 
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The global objective of this doctoral thesis is to study the molecular 
mechanism by which p38g and p38d regulate the innate immunity 
response in macrophages.  
To fulfil this aim, we established the following specific objectives: 
 
1. To determine the role of p38g and p38d in C. albicans signalling in 
macrophages. 
 
2. To study the molecular mechanism by which p38g and p38d regulate 
Tpl2 protein levels. 
 
3. To determine the role of p38g and p38d in TLR4 signalling 








3 Materials and Methods 
 General buffers. 
Lysis Buffer: 1% Triton X-100, 50 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM 
EGTA, 50 mM NaF, 10 mM sodium glicerophosphate, 5 mM sodium 
pyrophosphate, 1 mM sodium orthovanadate, 270 mM sucrose and 0.1% 
β-mercaptoethanol, supplemented with a mixture of protease inhibitors: 
1 mM benzamidine and 0.2 mM phenylmethylsulfonyl fluoride (PMSF). 
 
Orthovanadate, [VO4]-3, is an inhibitor of protein tyrosine phosphatases. 
To prepare sodium orthovanadate solution, salt was dissolved in MilliQ 
water forming decavanadate, [V10O26]-6. This solution was heated until 
boiling, cooled at room temperature and then pH was adjusted to pH 10. 
This process was performed up to five times to stabilize the solution that 
changes from orange (decavanadate) to clear (orthovanadate), and then the 
solution was aliquoted and stored at -20ºC until use. 
 
PBS (phosphate saline solution):  137 mM NaCl, 2.7 mM KCl, 4.3 mM Na3PO4 
and 1.4 mM K2HPO4. 
Protein Loading buffer: 50 mM Tris-HCl pH 6.8, 6% (v/v) Glycerol, 2% (w/v) 
SDS, 1% (v/v) b-mercaptoethanol, 0.004% (w/v) Bromophenol blue. 
SDS-PAGE Running buffer: 192 mM Glycine, 25 mM Tris base, 0.1 (w/v) SDS. 
TBS/TBS-T: 50 mM Tris/HCl pH 7.4 and 100 mM NaCl. The TBS-T 
contains 0.05% (v/v) Tween20. 
Transfer buffer: 39 mM Glycine, 48 mM Tris base, 0.04% (w/v) sodium 
dodecyl sulphate (SDS), 20% (v/v) Methanol. 







 Mouse manipulation. 
Mice lacking p38g (p38g-/-), p38d (p38d-/-), and p38g/d ( p38g/d-/-)  or 
expressing p38g(171A/171A) or WT have been described previously (Sabio et al., 
2005, 2010). All mice were backcrossed onto the C57BL/6 strain for at least 
nine generations. Mice were housed in specific pathogen-free conditions, 
and all animal procedures were performed in accordance with national 
and EU guidelines, with the approval of the National Centre of 
Biotechnology Animal Ethics Committee, CSIC and the Community of 
Madrid (Reference: CAM PROEX 316/15). 
 
3.2.1 Generation of p38g171A/171A/p38d-/- mouse. 
The new p38g171A/17A/p38d-/- mouse line was generated by crossing 
p38g171A/171A mice with p38d-/- mice. The genotyping of the new mouse line, 
p38g171A/17A/p38d-/-, was performed by two polymerase chain reactions 
(PCR) as is described in (Sabio et al., 2005) for p38d-/- and (Sabio et al., 
2010) for p38g171A/171A. All genotyping of the mice from our group is 
performed by Ruth Gómez-Caro Gil. 
 Briefly, genomic DNA was extracted from 3 – 5 mm of the end 
of the mouse´s tail. The tissue was lysed adding 500 µl of tail lysis buffer 
(100 mM TRIS/HCl pH 8.5, 5 mM EDTA pH 8, 0.2% (w/v) SDS, 200 mM 
NaCl 0.2 mg/ml proteinase K) and digested for 3 h at 1,400 rpm and 56°C 
and shaking in Thermomixer compact, Eppendorf. To obtain the 
solubilized DNA, samples were centrifuged for 5 min at 12,000 rpm and 
4ºC (Mikron 200R, Hettich Zentrifugen centrifuge) and the pellet was then 
discarded. DNA was precipitated from the supernatant by adding 500 µl 
of 2-propanol (isopropanol alcohol) and centrifuged for 5 min at 12,000 
rpm and 4ºC (Mikron 200R, Hettich Zentrifugen centrifuge). The pellet 
was washed (genomic DNA) with 500 µl of 70% (v/v) ethanol in distilled 
water, then re-suspended in 100 – 200 µl of distilled water, and 1 – 2 µl of 






Amplification of the gene sequence was achieved by PCR reaction using 
the primers (Table M-1). The PCR reaction was performed in a My cycler 
thermal cycler (Bio-rad) and resolved in a 1% (w/v) agarose gels (Conda). 
DNA marker ladder 100bp (BioLabs) was used for the identification of the 
bands (Sabio et al., 2005, 2010). 
 
Table M-1. PCR primers for PCR genotyping p38g171A/17A/p38d-/-. 
 
 
3.2.2 Septic shock model: LPS/D-Gal. 
LPS/D-Gal Septic shock mouse model is a classical model of inflammation 
that mirrors septic shock in humans that occurs after there is a bacterial 
invasion. In consequence, an overproduction of cytokines is secreted into 
the blood stream promoting multiorgan failure. The LPS/D-Gal mouse 
model consists of an intraperitoneal injection with 25G needle syringe, of 
a solution containing LPS 50 µg/kg and D-Gal 1 g/kg. LPS will mimic the 
bacterial response by stimulating TLR4. D-Gal, which is an amino 
saccharide, will sensitize hepatocytes to the effect of the cytokines 
permitting a shortening of the LPS reaction. The major contributors to the 
cytokine production in this model are macrophage (Deutschman and 
Tracey, 2014; Risco et al., 2012). The LPS/D-Gal injection was performed 
in the peritoneal cavity of 12-weeks-old WT, p38g171A/17A, p38g-/-, 
p38g171A/17A/p38d-/- and p38g/d-/- male and female mice. Mouse survival was 
monitored and 36 h post-injection the survivor mice were sacrificed. 
Additionally, blood samples were collected 2 h post-injection for cytokine 
production analysis; and mouse liver was extracted at 0 or 6 h post-














haematoxylin-eosin staining) evaluation. 
 
3.2.2.1 Serum preparation. 
Blood samples were extracted from the maxillofacial vein at 2 h post-
injection of LPS/D-Gal. Samples were incubated at 37°C for 1 – 2 h for the 
formation of the sanguine clot, then centrifuged for 15 min at 13,000 rpm 
and 4°C (Mikron 200R, Hettich Zentrifugen centrifuge) and supernatant 
(serum) was stored at -20°C. 
 
3.2.2.2 TUNEL staining. 
Mouse liver was extracted at 0 or 6 h post-injection of LPS/D-Gal, then 
imbedded into paraffin blocks and cut into thin sections for TUNEL and 
haematoxylin and eosin staining. 
 The evaluation of apoptotic cells in the liver sections was 
performed with terminal deoxynucleotidyltransferase (TdT) mediated 
dUTP nick-end label (TUNEL) staining. Briefly, paraffin-embedded 
kidney sections were deparaffinised and rehydrated by using xylene for 
20 min and rehydrated with 3-min incubations in ethanol at decreased 
concentrations (2 x 100%, 1 x 90% and 1 x 70%). The sections were washed 
with PBS and cell membrane permeabilized in PBS containing 0.5% (v/v) 
Triton X-100. Next, the sections were preincubated for 15 min at room 
temperature (RT) in freshly prepared TdT 1x buffer (25 mM Tris/HCl pH 
8.8, 0.025% (w/v) bovine serum albumin (BSA), 0.025 and 0.2 M sodium 
cacodylate trihydrate) containing 1 mM cobalt (II) chloride to avoid 
unspecific signals. The TdT-based reaction were carried out in a humid 
chamber at 37°C for 1 h in the same buffer, containing also 3% (v/v) TdT 
(Roche, 03333574001) and 2% (v/v) biotin-16-dUTP (Roche, 11093070910). 
After this the sections were washed twice with PBS containing 0.01% (v/v) 
Tween 20. Sections were then incubated with streptavidin conjugated with 






The slides were observed by fluorescent microscopy. 
 
 Cell culture. 
Cell culture manipulation was always performed under laminar flow hood 
type II and with sterile material. Cell culture were maintained in an 
incubator with a humidified atmosphere, 5% of CO2 at 37°C. All culture 
media and reagents were stored at 4°C and were preheated at 37°C before 
use. Tissue culture dish used were p100 (100 x 20 mm), p60 (60 x 20 mm), 
6 well dish or 96 well dish. 
 
3.3.1 Cell culture methods. 
3.3.1.1 Freezing and unfreezing cells. 
Freezing cells for liquid nitrogen storage: 
Confluent cells in tissue culture dish p100, were washed with 5 ml of 
Phosphate saline buffer (PBS), incubated for 3 – 5 min with 1 ml of trypsin-
EDTA, then 1 ml of freezing medium (20% (v/v) Dimethyl sulfoxide 
(DMSO) and in Fetal Bovine Serum (FBS)) was added and collected in 
cryovials. For gradual freezing, cryovials were enveloped in paper towel 




Cryovials were quickly unfrozen at 37°C. The cells were seeded on p100 
culture dish with 10 ml of cell culture medium and after 8 – 16 h the 
medium containing DMSO was replaced with fresh medium. The 








3.3.1.2 Subculture of cells. 
When cells reached confluency, culture dishes were washed with PBS at 
RT and then incubated with trypsin-EDTA at 37°C for ~5 min to separate 
cells from the dish. Cell suspension was diluted in fresh cells culture 
medium and split into fresh dishes. 
 
3.3.2 Primary cell culture. 
3.3.2.1 Mouse embryonic fibroblast (MEF). 
MEF were obtained from 12.5 days old mouse embryos. Isolation 
conditions were kept as sterile condition working under laminar flow 
hood. Once the embryos were extracted, we removed the head and 
internal organs. The rest of the tissues were disaggregated with scalpel and 
digested with 2 ml every 3 embryos of 0.5 mg/ml trypsin-EDTA for 10 
min at RT, and then centrifuged for 5 min at 800 rpm (centrifuge 
Megafuge 2.0 r, Heraeus). Pellet was digested again as before, and the new 
pellet was re-suspended in MEF medium (DMEM supplemented with 10% 
(v/v) FBS, 2 mM glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 
1% (v/v) sodium pyruvate, 1% (v/v) essential amino acid solution and 0.001% 
(v/v) b-mercaptoethanol), passed through a 100 µm filter and left to 
sediment for 1 min. Cell suspension in the supernatant was seeded at 1 
embryo per p100 dish in MEF medium. When MEF cultures reach 
confluency, cells were sub-cultured 1 in 5 in p100 dish. The medium was 
changed to fresh one every 3 days. Experiments were performed with cells 
from passage 1 to 5. 
 
3.3.2.2 Bone marrow derived macrophages from mice (BMDM). 
Bone marrow was isolated from the hind legs of the mouse (tibial, femur 
and innominate bones). The extraction was performed in sterile 






instruments in ethanol. Bones were placed in medium A (RPMI 1640 
medium supplemented with 10% (v/v) FBS, 10 mM HEPES, 1 mM Sodium 
pyruvate, 50 µM b-mercaptoethanol, 2 mM glutamine, 100 U/ml 
penicillin and 100 µg/ml streptomycin) that was kept at 4°C, then washed 
for 1 min with 70% (v/v) ethanol and placed in a new dish with fresh 
medium A. Bone marrow was flushed using medium A with a syringe (20 
ml with 25G needle) and collected. Bone marrow cells were seeded at 5 x 
106 cells/p100 culture dish with 10 ml of medium B (RPMI 1640 medium 
supplemented with 10% (v/v) FBS, 10 mM HEPES, 1 mM Sodium pyruvate, 
10% (v/v) L929 medium, 50 µM b-mercaptoethanol, 2 mM glutamine, 100 
U/ml penicillin and 100 µg/ml streptomycin). At day 4 another 10 ml were 
added of fresh medium B/p100 culture dish and by day 7, cells were 
differentiated to Macrophages. To seed the macrophages at the same 
density, they were dislodged with 5 ml of PBS containing 5% (v/v) FBS and 
2.5 mM EDTA for 10 min at 4°C. Macrophages were collected and 
centrifuge for 5 min at 1,500 rpm and 4°C (centrifuge Megafuge 2.0 r, 
Heraeus). They were then re-suspended in medium A with 0.1% (v/v) FBS 
to reduce basal phosphorylation and seeded at 3 x 106 cell/p60 mm dish. 
At day 8, cells were ready for experiments. 
 
3.3.2.3 Peritoneal macrophages. 
Mice were injected intraperitoneally with 2 ml of 3% (w/v) thioglycolate 
for macrophage recruitment. It is important to prepare the thioglycolate 
solution 6 months protected from light before use. After 3 days, mice were 
killed and then their peritoneal cavity was washed with sterile and cold 
PBS. Cells were centrifuged for 5 min at 1,200 rpm and 4°C (centrifuge 
Megafuge 2.0 r, Heraeus) and pelleted cells were re-suspended in 
peritoneal macrophage medium (RPMI 1640 medium supplemented with 
10% (v/v) FBS, 2 mM glutamine, 100 U/ml penicillin and 100 µg/ml 






5 h, macrophages have adhered and the rest of the cells are found in 
suspension. Cell culture dish were washed with PBS to remove non-
macrophage cells and then fresh medium was added. The following day 
two washes with PBS were performed. To reduce basal phosphorylation, 
medium was changed to fresh peritoneal macrophage medium with 2.5% 
(v/v) of FBS for 2 - 4 h before the experiment. 
 
3.3.3 Cell lines. 
3.3.3.1 Human embryonic kidney 293 cells (HEK293). 
HEK293, HEK293T or Flp-In T-REx HEK293 were used for protein 
overexpression experiment in which protein-protein interaction was 
studied. HEK293 cells were cultured in DMEM supplemented with 10% 
(v/v) FBS, 2 mM glutamine, 100 U/ml penicillin and 100 µg/ml 
streptomycin. When confluent, cells were split 1 in 10. 
 
3.3.3.2 Murine macrophages cells (RAW264.7). 
Cells were used to isolate endogenous protein complexes by gel filtration. 
Cells were cultured in DMEM supplemented with 10% (v/v) FBS, 2 mM 
glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. When 
confluent, cells were split 1 in 6. 
 
3.3.3.3 Immortalized Mouse Embryonic Fibroblast (MEF). 
Cells were cultured in MEF medium (DMEM supplemented with 10% (v/v) 
FBS, 2 mM glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 1% 
(v/v) sodium pyruvate, 1% (v/v) essential amino acid solution and 0.001% 







3.3.3.4 L929 cells. 
L929 cells were used to obtain supernatant for the differentiation to 
macrophages from bone marrow. L929 supernatant supplies macrophage 
colony-stimulating factor (CSF-1), that is required among other unknown 
factors for BMDM differentiation. These cells were cultured in DMEM 
supplemented with 10% (v/v) of FBS, 2 mM glutamine, 100 U/ml penicillin 
and 100 µg/ml streptomycin. Cells were split by a sequence of passes from 
T25 flasks to T75 flask and finally to T150 flasks. When T150 flasks had 90 
– 100% confluency, fresh medium was added up to 100 ml/T150 flasks and 
left for 3 days. 1 L of supernatant was collected from 10 T150 flasks, 
filtrated in "kitasato" with a bottleneck "büchner" and aliquoted for storage 
at -80°C. Supernatant was always tested negative for mycoplasm before 
storage. 
 
3.3.4 Cell transfection. 
Cell transfection was performed using both JetPei and Lipofectamine 
reagents. In all cases, when cells reached 50 - 70% confluency, cell medium 
was changed before cells transfection. 
 JetPei stock solution was prepared at 1 mg/ml of PEI 
(Polysciences, Warrington, PA) in 20 mM HEPES pH 8. The solution was 
neutralized (pH 7) with HCl and then filtered through 0.22 µm filter under 
laminar flow hood. Aliquots were stored at -80ºC until usage. Once 
aliquots were unfrozen they were never used again. 
 When using JetPei, two separate solutions were prepared before 
cell transfection. Solution A containing the plasmid(s) in 150 mM NaCl and 
solution B containing 5% (v/v) of transfection reagent JetPei diluted in 150 
mM NaCl. Solutions A and B were incubated for 5 min at RT. Then 
solution B was added over solution A and the mix incubated for 20 min at 
RT. Then, the mix was added drop-wisely onto the medium, trying to 






 When using lipofectamine as transfection reagent same protocol 
was applied but plasmid and lipofectamine 2000 were diluted in OPTI-
Mem instead of NaCl. 
 In experiments in which proteins were silenced in cells, the 
siRNA SMART pool Dharmacon reagent was used and the transfection was 
performed using the lipofectamine protocol (Table M-2). In this case, cells 
were incubated in an incubator (section 3.3) with transfection mix alone, 
without cell culture medium, for 5 h. Then the transfection mix was 
removed and fresh medium was added, and left for 3 days prior lysing of 
the cell. 
 
Table M-2. siRNAs. 
 
 
3.3.5 Cell lentiviral infection. 
3er generation lentiviral vectors with pLX_TCR317 backbone were 
purchased from “Broad Genetics Perturbation Platform”. These were used 
in p38g/d-/- MEF to induce stable expression of empty vector (EV), p38g or 
p38d proteins (Table M-3). This protocol was performed in Dr. 
Sonnenberg’s laboratory with Dr. Mehdi Jafarnejad from Goodman 
Cancer Research Centre in Montreal, Canada. 
 Virus generation was performed in HEK293T transfecting 
lentiviral constructs with lipofectamine transfection protocol for 24 h with 
3.75 µg of psPAX2 (2nd generation lentiviral packaging plasmid), 1.75 µg of 
pMDG2 (encoding VSV-G envelope expressing plasmid) and finally, the 
plasmids of interest with 5 µg of pLX_TCR317 (containing EV, p38g or 
p38d, (Table M-3)). At day 2, HEK293T medium was changed to fresh 
medium for virus collection, while, MEF were seeded at 80% in 6 well 
Gene Specie Company Reference
NONO mouse Dharmacon M-048587-00-0005
PABPC1 mouse Dharmacon M-060385-00-0005






dishes with 1 ml of MEF medium in preparation for lentiviral infection. 
The day after (day 3), HEK293T medium with virus particles was collected, 
filtered through 0.20 µm filter and then 2 ml/well were added to MEF 
seeded in 6 well dish for infection. HEK293T medium with virus particles 
that were not used were aliquoted at 1ml/cryovial and frozen at -80°C. At 
day 4, infected MEF were sub-cultured to a p100 mm dish with MEF 
medium for recovery. At day 5, to select infected MEF expressing 
pLX_TCR317 plasmids, their medium was changed to conditional 
medium (MEF medium containing 5 µg/ml of puromycin). Selection was 
considered done when non-infected control cells were cleared, after 3 – 5 
days. Cells were then tested for the expression of the protein of interest 
and from there on, selected MEF were grown always in selective medium. 
 
Table M-3. Lentiviral infection plasmids. 
 
 
3.3.6 CRISPR-Cas9 for gene editing. 
Flp-In T-REx HEK293 were genetically edited with CRISPR-Cas9 system 
to eliminate p38g, p38d and p38g/d expression for translation studies. 
 Flp-In T-REx HEK293 cells were supplied by Dr. Sonenberg´s 
laboratory from Goodman Cancer Research Centre in Montreal, Canada. 
CRISPR-Cas9 system and reagents were bought from “Dharmacon”. This 
system uses single guide RNA (sgRNA) and Cas9 endonuclease. sgRNA is 
composed of: 1) trans-activating CRISPR RNA (tracRNA), that provides a 
constant sequence to hybridize to CRSPR RNA (crRNA) and binds to Cas9. 
This RNA was bought containing ATTOTM 550 nm fluorophore, which we 
will use for single cell sorting. 2) crRNA, is specifically designed for the 
gene target and has 19 to 20 nucleotides that binds to the targeted genomic 
DNA. sgRNA was designed in collaboration with Dr. Luis Montoliu´s 
Gene Code Vector Bacteria Selection
human MAPK12 TRCN0000469459 pLX_TRC317 Ampicillin Puromycin






laboratory from the National Centre of Biotechnology in Madrid, Spain 
(Oliveros et al., 2016). 
 Flp-In T-REx HEK293 were seeded at 2.5 x 106/p60 mm to have 
50% confluency the next day. Before transfecting, to generate the sgRNA, 
we annealed tracRNA conjugated with ATTOTM 550 nm and crRNA at 1:1 
ratio (Table M-4). Annealing was performed with PCR (5 min at 95°C and 
5°C/min ramp until 25°C) and then used or froze at -80°C protecting from 
light. For transfection, we generated sgRNA/Cas9 complex by incubating 
2,500 ng of sgRNA with 10 µg/µl of Cas9 protein for 10 min in ice and then 
followed lipofectamine 2000 transfection protocol treating sgRNA/Cas9 
complex as plasmid. The transfection of Flp-In T-REx HEK293 was left 
for 72 h to provide time to the sgRNA/Cas9 complex to be transfected and 
then edit the genomic DNA. To improve clone growth, we prepared 
medium that was left for 24 h with Flp-In T-REx HEK293 control in p150 
mm dish. This medium was filtered with 0.22 µm filter and added 100 
µl/well of a 96 well dish, where clones were seeded during the single cell 
sorting. Transfected cells were then prepared for single cell sorting by first, 
lifting them with trypsin-EDTA and centrifuging for 5 min at 1,200 rpm 
and 4°C. Secondly, cells were re-suspended in filtered (0.22 µm) sorting 
solution (PBS containing 1% (v/v) FBS and 1mM EDTA) and then filtered 
again through 0.40 µM filter to remove aggregated cells. Transfected cells 
were single cell sorted by ATTOTM 550 nm fluorophore seeding them into 
the prepared 96 well dish and left for 5 days for colony formation. 
Medium was changed every 3-5 days and split to 6 well dishes when 
reaching 60% confluency. Edition was then tested by immunoblot. 
 











 DNA manipulation. 
3.4.1 E. coli transformation and culture. 
Bacteria transformation was achieved by adding 10 ng of plasmid to 50 µl 
of competent E. coli DH5a cells, that were supplied by the Department of 
Immunology and Oncology kitchen service. Bacteria were mixed gently 
with DNA and then left at 4°C for 30 min. For DNA transformation by heat 
shock, mix was incubated at 42°C for 30 seconds and immediately 
transferred to ice for 5 minutes. Bacteria were incubated in Luria-Bertani 
(LB) broth for 1h at 37°C in a shaking platform and then spread in LB 
selective agar p100 mm bacterial dish (100 µg/ml ampicillin or 50 µg/ml 
of kanamycin depending on the resistance of the plasmid). Cells were 
incubated for 37°C overnight for colony formation. One colony was picked 
for starter culture and incubated by shaking at 37ºC for 8 – 10 h in 5 ml of 
selective LB. Starter culture was inoculated into 0.5 – 1 ml in selective LB 
and incubated by shaking at 37ºC overnight. 
 
3.4.2 DNA plasmid purification and quantification. 
For DNA plasmid purification of the of transformed cells, bacteria were 
harvested by centrifugation for 30 min at 8,000 x g. We used Geneaid 
Maxi Plasmid Kit Quick (Quiagen) with the supplied protocol from the 
company. DNA plasmid was dissolved in MilliQ water and then quantified 
using nanodrop spectrophotometer. 
 
3.4.3 Cloning psiCHECK2 mouse Tpl2-3’UTR and psiCHEK2 mouse 
ABIN2-3’UTR. 
Bicistronic plasmid psiCHEK-2 (Promega) was used for luciferase assay 
studies where Tpl2 and ABIN2 3’UTR were cloned to control Renilla mRNA 
translation while using firefly as transfection control (Fig. M-1). Assays were 






Tpl2 and ABIN2 3’UTR template originated from Tpl2 and ABIN2 mRNA 
in MEF. This protocol was performed in Dr. Sonnenberg’s laboratory with 
Dr. Mehdi Jafarnejad from Goodman Cancer Research Centre in Montreal, 
Canada. 
 
Figure M-1. Diagram of psiCHEK-2 (Promega). Bicistronic plasmid with Renilla and 
Firefly luciferase genes. Tpl2 or ABIN2 3’UTR were cloned in psiCHEK-2 plasmid to 
study the effect of Tpl2 or ABIN2 3’UTR on Renilla mRNA translation. Firefly was used 
as a transfection control to use to normalize luciferase quantification. 
 
Total mRNA was extracted and cDNA was generated. Tpl2 (MAP3K8) and 
ABIN2 (Tnip2) 3’UTR was amplified by PCR protocol with designed 
primers from Table M-7. For Tpl2, PCR program was: 1) 1 min at 95ºC, 2) 
35 cycles of denaturalization for 30 sec at 95ºC, annealing for 1 min at 54ºC 
and extension for 1:30 min at 68ºC and 3) 3 min at 68ºC. For ABIN2, PCR 
program was: 1) 1 min at 95ºC, 2) 35 cycles of denaturalization for 30 sec at 
95ºC, annealing for 1 min at 53ºC and extension for 1:30 min at 68ºC and 
3) 3 min at 68ºC. DNA amplification was isolated running a 1% (w/v) 
agarose gel and extracted with QIAquick Gel Extraction kit (Quiagen). 1 µg 
of psiCHECK2 plasmid (Promega) and 0.2 µg of insert (amplified PCR 
products) were digested for 15 min at 37ºC with XhoI and NotI fast digest 
enzymes (Thermos scientific). Digested plasmid was run in 1% (w/v) 




























with QIAquick Gel extraction kit (Quiagen) to isolate cut plasmid. Inserts 
were purified using QIAquick Gel extraction kit (Quiagen) to eliminate 
molecules from the digestion reaction. Ligation was performed with 1 µl 
of T4 DNA ligase from (Thermo scientific), 25 ng of cut and purified 
plasmid and 75 ng of insert (or no insert as control) for 1 h at RT. Ligations 
were transformed into DH5a cells following bacteria transformation 
protocol. 5 – 6 colonies from each transformation were sub-cultures for 
Presto Mini Plasmid Kit Quick (Quiagen). Finally, plasmids were 
sequenced with Sanger sequencing services. 
 
Table M-7. PCR primers for cloning in psiCHEK2 plasmid. 
 
 
 Protein manipulation. 
3.5.1 Cell stimulation and lysis. 
When indicated, cells were incubated with inhibitors or with the solvent 
as control for the required period of time before stimulation or lysis. 
Stimulation was performed by adding the indicated agonists for the times 
showed in the figures. For cell lysate, medium was removed from the 
dishes and lysis buffer was added in volumes of 500 µl/p100 mm dish or 
250 µl/60 mm dish. Samples were centrifuged for 15 min at 13,000 and 
4°C rpm (centrifuge Mikron 200R, Hettich Zentrifugen). Supernatant was 
collected, the pellet discarded and stored at -80°C. Proteins lysates were 
quantified by the Bradford method, using Coomassie Plus Protein reagent 
(Thermo Scientific). 
 
3.5.2 Protein immunoprecipitation and GST pull-down assay. 
Protein immunoprecipitation (IP) and GST pull-down (PD) assay, were 
performed to obtained enriched samples of the protein of interest. For 








protein immunoprecipitation assay we used protein G-sepharose beads 
(GE Heathecare) and for GST pull-down assays we used protein GSH-
sepharose beads (GE Heathecare). Both beads were stored at 4°C as slurry 
in 20% ethanol. 
 
3.5.2.1 Immunoprecipitation (IP). 
Ethanol was eliminated from the protein G-sepharose beads by washing 
them 3 times with cold PBS. To couple antibody to the protein G-
sepharose bead, 10 µl of beads per assay were incubated with 0.5 - 2 µg of 
antibody for 30 min at 4°C in a shaking platform. Antibody coupled-beads 
were washed twice with cold lysis buffer to remove unbound antibody and 
then incubated with cell lysates for 2 h at 4°C in a shaking platform. 
Proteins bound to the beads were centrifuged 1 min at 13,000 rpm 
(centifuge Minispin, Eppendorf) and the supernatant discarded. 
 
3.5.2.2 GST-pull-down assay (PD). 
GSH-sepharose beads were equilibrated in cold lysis buffer by washing 3 
times. 10 µl of beads per assay were incubated with GST-protein or cell 
lysates for 1 h at 4°C in a shaking platform. Proteins bound to the beads 
were centrifuged 1 min at 13,000 rpm (centifuge Minispin, Eppendorf) and 
the supernatant discarded. 
 
 Proteins bound to the beads (GSH-sepharose or protein G-
sepharose) were washed twice with cold lysis buffer containing 0.5 M of 
NaCl to minimise non-specific binding and twice with cold lysis buffer 
alone. When isolating complexes, the pellets were washed four times with 







3.5.3 Western Blot. 
3.5.3.1 Electrophoresis. 
Sodium dodecyl sulphate-polyacrilamide gel electrophoresis (SDS-PAGE) 
was performed in BIO-RAD equipment. 30 – 50 µg of protein sample 
were denatured in loading buffer and heated for 5 min at 90°C. SDS-PAGE 
gels were used at 4% bis-acrilamide for stacking and 10% or 12% bis-
acrilamide to resolve proteins. We used Electrophoresis buffer to run the 
samples at a constant voltage of 120 v for 2 h. 
 
3.5.3.2 Semi-Dry Transfer Cell and immunodetection. 
Protein samples resolved by SDS-PAGE were transferred by Semi-Dry 
Transfer Cell to nitrocellulose membranes (BIO-RAD) and transfer buffer. 
Semi-Dry Transfer Cell (BIO-RAD) was used, as indicated by the provider 
and the conditions were set at a constant voltage of 20 v for 20 min. 
Nitrocellulose membranes were tested for transference efficiency with 
Red Ponceau solution (Pierce). 
 Membranes were blocked in TBS-T with 5% (w/v) dried skimmed 
milk. Blocking solution was discarded and primary antibodies were 
diluted in blocking solution by incubating 2 h at RT or overnight at 4°C 
(Table M-5). When ABIN2 antibody was used, the blocking solution 
changed to PBS instead of TBS. The membranes were washed 3 times with 
TBS-T for 10 min/wash. Secondary antibodies, conjugated with a 
fluorochrome, were also diluted in blocking solution. After the incubation 
for 1 h at RT, membranes were washed 3 times for 10 min with TBS-T. 











Table M-5. Antibodies. (WB) Western blot, (IP) immunoprecipitation, (DSTT*) Division 
of Signal Transduction Therapy, Dundee, UK. 
 
 
3.5.4 Gel filtration chromatography. 
Gel filtration chromatography separate protein complexes by their 
molecular size. Raw264.7 cell lysates were prepared and quantified as 
indicated previously (section 3.5.1). Triton X-100 from the lysates was 
removed by dialyzing the samples in lysis buffer without the detergent. 
These experiments were performed in collaboration with Dr. César 
Santiago from the protein X-ray crystallography unit in the National 
Centre of Biotechnology in Madrid, Spain. 
 The column used was Superdex 200 10/300 GL from GE 
Healthcare and was equilibrated with lysis buffer without Triton X-100 
that has been previously degassed. Samples were filtered through a 0.22 
µm filter to eliminate protein aggregates before loaded into the column. 
Antibody Company Reference Dilution IgG
1-tubulin Santa Cruz 134237 1µg/ml (WB) mouse
ABIN2 Steve Ley -- 2µg/ml (WB) mouse
Alexa Fluor 680 Anti-Rabbit Molecular Probes A-21109 1/5000 (WB) goat
Alexa Fluor 680 Anti-Sheep Molecular Probes A-21102 1/5000 (WB) donkey
Alexa Fluor 700 Anti-Mouse Molecular Probes A-21036 1/5000 (WB) goat
-actin Santa Cruz sc-47778 1/1000 (WB) mouse
ERK1/2 Cell Signaling 9102 1/1000 (WB) rabbit
ERK5 DSTT* -- 1µg/ml (WB) sheep
GST Cusabio CSB-MA000031M0m 1µg/ml (WB) mouse
hDlg/SAP97 DSTT* -- 1µg/IP sheep
hDlg/SAP97 DSTT* -- 1µg/ml (WB) sheep
JNK Cell Signaling 9252 1/1000 (WB) rabbit
lamin- 1 Santa Cruz sc-374015 1µg/ml (WB) mouse
NONO Santa Cruz sc-166702 1/1000 (WB) mouse
p-ERK1/2 (Thr202/Tyr204) Cell Signaling 9101 1/1000 (WB) rabbit
p-JNK (Thr183/Tyr185) Cell Signaling 44682 1/1000 (WB) rabbit
p-p105 (Ser 933) Cell Signaling 4806 1/1000 (WB) rabbit
p-p38 (Thr180/Tyr182) Cell Signaling 9211 1/1000 (WB) rabbit
p-Ser158-hDlg/SAP97 DSTT* -- 1µg/ml (WB) sheep
p105 Cell Signaling 4717 1/1000 (WB) rabbit
p38! Santa Cruz sc-535 1/1000 (WB) rabbit
p38" C-terminal DSTT* -- 1µg/IP sheep
p38" DSTT* -- 1µg/ml (WB) sheep
p38# DSTT* -- 1µg/ml (WB) sheep
PABPC1 Abcam ab-21060 1/1000 (WB) rabbit
Tpl2 Santa Cruz 204351 1µg/ml (WB) rabbit






0.5 ml fractions were collected from the gel filtration chromatography till 
25 ml and 50 µl were used for western blot for proteins analysis as 
indicated. 
 
3.5.5 Pulse chase and 35S-Methionine and Cysteine labelling. 
To measure protein stability, plasmids expressing GST tagged proteins 
were transfected in MEF cells for 24 h and then used for pulse chase assay. 
 Cell were starved of Met/Cys for 45 min and then incubated in 
the same medium without Met/Cys, but supplemented with S35 Met/Cys 
at 100 µCi/ml, to radioactive label proteins, and incubated for 30 min. 
During this time cell will use the radiolabelled Met and Cys in protein 
translation. At different time points cells were washed twice with cold PBS 
and then lysate. Protein lysates were quantified by Bradford method and 
pulled by GST pull-down assay. Samples were loaded into SDS-PAGE 
electrophoresis and gels were dehydrated for signal amplification. Signal 
was visualized by incubating the dehydrated gel with film at -80°C 
overnight. 
 
3.5.6 Luciferase assay 
To measure the translation activity of Tpl2 and ABIN2 3’UTR or SV40-
CAP, HCR-IRES and CrPV-IRES we used Dual-luciferase Reporter Assay 
system kit (Promega). Buffers were provided by the company and all the 
plasmids used were bicistronic. This protocol was performed in Dr. 
Sonnenberg’s laboratory with Dr. Mehdi Jafarnejad from Goodman 
Cancer Research Centre in Montreal, Canada. 
 We seeded MEFs in 24 well dish at 25,000 MEF/well and 24 h 
later, we transfected 500 ng of bicistronic plasmid/well with lipofectamine 
protocol. The next day, MEFs were washed once with cold PBS and then 
lysed with 50 µl of “passive lysis buffer” (provided by the kit) for 20 min 






after lysis or saved at -80ºC for later use. Luciferase measurements were 
performed by adding in a 1.5 ml eppendorf: 50 µl of “luciferase assay 
reagent II” (which measures firefly luciferase reporter) and 2 µl of lysate 
(pipetting several times for mixture), and then measuring firefly luciferase 
with luminometer, which remains constant up to 1 min. Afterwards, 50 µl 
of “Stop & Glo reagent” was added to block firefly luciferase and activate 
Renilla luciferase, and measured again for Renilla luciferase with 
luminometer. Depending on the plasmid, one luciferase was used as 
transfection control to normalize the studied luciferase, that had their 
translation controlled by 3’UTRs or IRES features. 
 
3.5.7 Mass spectrometry experiment. 
To study the interactome of p38g and p38d in macrophages we performed 
a mass spectrometry experiment from isolated complexes from p38g or 
p38d pull-down assay in BMDM. 
 We generated and lysed WT BMDM in basal conditions and 4.5 
mg of protein lysates were incubated with different GST-tagged proteins. 
These proteins were mutated inactive versions of p38g and p38d, kinase 
dead (KD), GST-p38gKD and GST-p38dKD, while GST alone was used as 
control. A total of 18 mg of WT BMDM lysates were first pre-cleared for 1 
h in a shaking platform at 4ºC with 20 µl of GSH-sepharose beads bound 
to 20 µg of GST. Then aliquots of 4.5 mg of pre-cleared protein lysates 
were incubated for 1 h in a shaking platform at 4ºC with either 10 µl of 
GSH-sepharose beads bound to 10 µg of GST, as control, or to 10 µg of 
GST-tagged protein. Pull-down was performed and then washed twice 
with lysis buffer. The preparation and identification of the proteins 
pulled-down with GST, GST-p38gKD and GST-p38dKD, was performed in 
collaboration with the Proteomic unit in the National Centre of 
Biotechnology in Madrid, Spain. Pull-downs were loaded in 12% SDS-






colloidal coomassie. Bands from the different pull-down assays were cut, 
digested with trypsin, and quantified by fluorimetry. 1 µg of each digestion 
was run through reverse phase C-18 liquid chromatography for peptide 
separation by polarity and eluted peptides were then fragmented in 
TRIPLE-TOF mass spectrometry (LC-MS/MS). The collected data from 
the mass spectrometry results were used to identify peptides using mouse 
UNIPROT database and raw data was analysed with MASCOT software 
that calculated false discovery rates (FDR) for each of the identified 
proteins. 
 
3.5.8 Phospho-proteomic experiment. 
To identify possible targets of p38g and p38d that could be involved in the 
specific regulation of Tpl2 and ABIN2 mRNA, we performed a phospho-
proteomic analysis, using peritoneal macrophages from WT, p38g-/-, p38d-
/- and p38g/d-/- mice. 
 Peritoneal macrophages were lysed at basal conditions and then 
1 – 0.25 mg of proteins were precipitated (samples were in triplicate). 
Protein precipitation was performed adding four times the sample volume 
of cold (-20ºC) of acetone (high quality, for HPLC, SIGMA ≥ 99.9 %). 
Proteins with acetone were mixed by vortex for 10 seconds and incubated 
overnight at -20ºC. Precipitated mix was centrifuge for 10 min at 15,000 x 
g and 4ºC. Supernatant was removed and acetone left evaporated by 
leaving uncapped tubes for 30 min at RT without over-drying the pellet. 
Precipitated protein was then sent to Dr. Eric Bonneil from the Proteomic 
Platform in the Institute for research in immunology and cancer in 
Montreal, Canada. The phospho-proteomic procedure was performed by 
enrichment of phospho-peptides with TiO2 and then separating the multi-
phosphorylated peptides from mono-phosphorylated peptides with 
(SIMAC). The raw data obtained was analysed bioinformatically only 






at least one condition, had a p-value under 0.05 and also had a -1<log2(fold 
change)<1 (FC). 
 
 RNA manipulation. 
3.6.1 RNA extraction and quantification. 
TRI Reagent (Sigma Aldrich) was applied for the RNA purification. 
Nuclease-free aerosol-resistant tips (Thermo Scientific) were used to 
prevent RNA degradation during RNA purification. TRI Reagent was 
added to the samples and then mixed by vortex with isopropanol, then 
samples were left at -20°C overnight for RNA precipitation. RNA was 
washed twice with 70% (v/v) ethanol and re-suspended in RNAse free water. 
RNA was quantified with Nano Drop equipment by adding 1.5 µl of 
purified RNA in the machine pedestal. The concentration was determined 
by the software using Beer-Lambert formula and samples were saved at -
80°C. 
 
3.6.2 RNA reverse transcription. 
cDNA was generated from RNA by reverse transcription polymerase chain 
reaction. 500 ng of RNA/sample were converted to cDNA with High 
Capacity cDNA Reverse Transcription kit (Applied Biosystems). Thermo 
cycler conditions were 10 min at 25ºC, 120 min at 37ºC and 5 min at 85ºC. 
cDNA samples were stored at -20ºC. 
 
3.6.3 qPCR analysis. 
Quantitative PCR (qPCR) reaction was performed in 384-well plates (Bio-
Rad) with reactions in triplicate and using 5 µl of cDNA/sample and 3 µl of 
Master Mix. Master mix includes Eva Green buffer and the primers of 
interest, all diluted in RNAse free water (Table M-6). 






considers the threshold of the samples, making sure it was adjusted at the 
slope and the noise was eliminated. Ct values were checked to be below 35 
cycles from the standard curve and all melting curves had the same peak. 
The samples were quantified using comparative Ct method relative to a 
house keeping gene (actin or GAPDH) and relativized to unstimulated 
control samples from the same experiment. 
 
Table M-6. Table of qPCR primers. 
 
 
 Cytosol/Nucleus separation. 
Cells were incubated with PBS, 5% (v/v) FBS and 2.5 mM EDTA, for 10 min 
at 4ºC and then scraped from the dish. They were collected and 
centrifuged for 5 min at 1,200 rpm and 4°C (centrifuge Mikron 200R, 
Hettich Zentrifugen) and washed with cold PBS. Nuclease-free aerosol-
resistant tips and eppendorfs (Thermo Scientific) were used to prevent 
RNA degradation during RNA purification. Pellet was re-suspended with 
500 µl of Cytosol buffer (10 mM Tris-HCl pH 8, 10 mM KCl, 0.5 mM EDTA, 
0.1% (v/v) NP40 and supplemented with 1 mM dithiothreitol (DTT) and 1 
mM PMSF), which breaks the cytosol membrane, with 1 µl of RNAse 
inhibitor per p100 mm dish. Solution was centrifuged for 5 min at 3,000 
rpm and 4°C (centrifuge Mikron 200R, Hettich Zentrifugen). The 
supernatant was saved as cytosol sample, and NaCl solution was added 
until 150 mM NaCl final concentration was reached. Pellet was re-

















suspended in Nucleus buffer (50 mM Tris pH 8, 0.4 NaCl, 0.2 mM EDTA, 
0.5% (v/v) NP40 and 10% (v/v) glycerol supplemented with 1 mM DTT and 
1 mM PMSF) with 1µl of RNAse inhibitors and then incubated for 10 min 
in ice. The suspension was mixed with gentle vortex intermittently. 
Samples were centrifuged for 5 min at 3,000 rpm and 4°C (centrifuge 
Mikron 200R, Hettich Zentrifugen) and the DNA that appeared in mucous 
form was eliminated with pipette. Cytosol and Nucleus fractions were 
divided in two, to have RNA and protein samples of each, and then 
followed with RNA extraction protocol or immunoblot. 
 
 Polysome profiling. 
Polysome profiling is a method that allows monitoring the translation of 
mRNAs in cells. Once polysome fractions were collected, the translation 
activity of each mRNA was analysed by qPCR. Polysome profiling was 
performed in collaboration with Dr. Encarnación Martínez-Salas´s 
laboratory with Dr. Rosario Francisco-Velilla from Molecular Biology 
Centre (CBM) in Madrid, Spain and with Dr. Mehdi Jafarnejad from 
Goodman Cancer Research Centre in Montreal, Canada. First, we 
prepared sucrose gradient 10-50% solution, with 60% (w/v) sucrose 
solution in MilliQ water and 50 mL of 10x sucrose gradient buffer (200 
mM HEPES pH 7.6, 1 M KCl, 50 mM MgCl2, 100 µg/ml cycloheximide, 1x 
protease inhibitor cocktail EDTA-free Roche and 100 units/ml RNase 
inhibitor). Every solution was filtered through 0.22 µm filter. For sample 
preparation, cells were seeded for 80-90% confluency that renders the 
maximum polysomes. The same day of isolation, hypotonic buffer (5mM 
Tris-HCl pH 7.5, 2.5 mM MgCl2, 1.5 mM KCl, 1x protease inhibitor cocktail 
EDTA-free and 100 µg/mL cycloheximide) and mix buffer (0.5% (v/v) 
Triton X-100/sample and 0.5% (w/v) Sodium Deoxycholate/sample, mix 
by vortex and leave on ice) were prepared. Cells were washed with ice cold 






while Flp-In T-REx HEK293 was only washed once. Cells were scraped 
and collected in RNAse-free pre-cooled 50 ml tubes and centrifuge for 10 
min at 1,200 rpm and 4°C (centrifuge Megafuge 2.0 r, Heraeus). We 
eliminated the supernatant and resuspend the cells in 430 µl of hypotonic 
buffer so as to only have cytosolic molecules. We added 1 µl of 1M DTT 
and 100 units of RNAse inhibitor and vortex for 5 seconds (both for RNAse 
inactivation), then added 50 µl of the mix solution (detergents to dissolve 
cytoplasmic wall) and vortex again for 5 seconds. Finally, were centrifuged 
at maximum speed for 10 min at 4°C (centrifuge Mikron 200R, Hettich 
Zentrifugen) and the supernatant was transferred to a new pre-chilled 
RNAse-free 1.5 ml tube. OD260 nm was measured in nanodrop for each of 
the samples to load 10-30 OD260 nm in each of the gradients and at least 50 
µl were saved as input. Gradients were carefully weighted and then 
centrifuged for 2 hours at 35,000 rpm and 4ºC using SW40Ti rotor in a 
Beckman Coulter (Optima L100 XP ultra-centrifuge) with the brake off. 
While the samples were centrifuging, the fraction collector was cleaned 
with MilliQ water and RNase ZAP. Once centrifugation was complete the 
tubes were removed from the rotor and placed them at 4°C. Samples were 
ran with a chasing solution 60% (w/v) sucrose with bromophenol blue 
through UV detector and fraction collector (Tledyne ISCO) that had a 
TracerDAQ software (MicroDAQ). Samples were collected in RNAse-free 
2 ml tubes and after each sample fractions were taken, 1 ml of TRI reagent 
for RNA isolation was added and placed on dry ice to store afterwards at -
80°C. 
 
 Statistical analysis. 
For statistical analysis Excel, Graph Prism and R software were used. For 
the survival curve Kaplan-Meier test was performed and for the 
comparison of the curves the Log-Rank method was used. For treatment 







 RNA-sequencing experiment. 
This experiment was performed in collaboration with Dr. Steve Ley´s 
laboratory at the Francis Crick Institute in London, England. We used 1 x 
106 BMDM cells from 6 different WT and p38g171A/171A/p38d-/- male mice 
and sequenced non-stimulated samples and samples stimulated with LPS 
(100ng/ml) for 30- and 60-min (Fig. M-2). 
 
 Bioinformatical analysis. 
Deep sequencing bioinformatic analysis was performed with data 
obtained from RNA-sequencing experiment samples performed in 
Illumina HiSeq 2500, obtaining unstranded single-end reads. These reads 
were obtained from an unknown strand and it was only sequenced from 
one end. Quality control of the reads was done with FASTQC (Andrews S., 
2010a) finding reads to be 101 nucleotide lengths and each sample 
rendered 15 x 106 reads (Andrews S., 2010a). Reads (FASTQ) were aligned 
with Bioconductor's Rbowtie2 1.0.1 package (Zhang W, 2017) in R studio 
1.1.383 against mouse genome (GRCm38.p5) obtained from ENSEMBL. 
Aligned reads were inspected with SeqMonk version 1.40.0 browser 
(Andrews S., 2010b) and then raw counts were obtained (Fig. M-2). 
 R studio 1.1.383 software with DESeq2 1.18.1 package was used for 
the analysis of the raw counts and log2FC (with p-value calculation (Love 
et al., 2014; Quackenbush, 2002). To increase the speed of the programme 
raw counts were subjected to a minimal pre-clearing where any genes with 
no reads or nearly no reads added across all the samples were eliminated. 
Raw counts where then adjusted to a negative binomial distribution for 
normalization. For the diagnosis test of outliers, DESeq2 calculates for 
every gene and sample a function called Cook´s distance. To check for 






transformation (rlog), which transforms the count data into log2 scale in a 
way that minimized the differences between the samples (Love et al., 2014). 
After rlog transformation, data was represented as principal component 
analysis (PCA) calculated with the Euclidian distance between samples. 
This analysis showed “WT_30_8” very different from the rest of its 





Figure M-2. RNA-sequencing pipeline. BMDM from 6 WT or p38g171A/171A/p38d-/- male 
mice were non-stimulated or stimulated with LPS for 30- or 60- min. Using R with 
Bioconductor packages (DESeq2 1.18.1 package) (Love et al., 2014) logFC and adjusted p-
value was calculated. A) Graph of the number of genes filtered with p-value adjusted 
<0.05 and -1.5<logFC<1.5 comparing p38g171A/171A/p38d-/- control vs WT control, 
p38g171A/171A/p38d-/- 30 min vs WT 30 min stimulation with LPS and p38g171A/171A/p38d-/- 60 





























 Chapter 1. C. albicans signalling pathway in BMDM. 
C. albicans activates different receptor families, such as TLR and lectin-
type receptors, inducing the transcription of cytokines. We have reported 
that, when stimulating with C. albicans or TLR agonists the loss of 
p38g/p38d in BMDM impairs the phosphorylation of ERK1/2 and the 
transcription of cytokines (Alsina-Beauchamp et al., 2018; Risco et al., 2012). 
It has been described that Dectin-1 receptor is the main lectin-type 
receptor activated in macrophages in response to C. albicans infection 
(Netea et al., 2015). Here we investigate if p38g/p38d are essential for the 
signal transduction mediated by Dectin-1 receptor. 
 
4.1.1 Dectin-1-Syk signalling is impaired in p38g/d-/- BMDM. 
We studied the role of p38g/p38d in Dectin-1 receptor signalling pathway 
that leads to cytokine production. For this, we stimulated BMDM from 
WT and p38g/d-/- mice with two different b-glucan molecules: Zymosan 
that activates Dectin-1 and TLR2 and Curdlan that only activates Dectin-1 
receptor (Brown et al., 2003).  
 We first confirmed the specificity of Curdlan as a Dectin-1 ligand 
by examining ERK1/2 activation in MyD88-/- and Dectin1-/- BMDM, and 
by using the Syk inhibitor, the compound PRT062607 (Spurgeon et al., 
2013), in WT BMDM (Fig. R-1A). TLRs signalling is activated via adaptor 
molecule MyD88, whereas Dectin-1 signalling is mediated by the 
recruitment of the tyrosine kinase Syk (Reid et al., 2009; Takeuchi and 
Akira, 2010; Underhill, 2007). We stimulated BMDM with Curdlan or 
Zymosan and used heat-killed C. albicans (HK-Ca) and LPS as controls. We 
then examined the phosphorylation of ERK1/2 by inmunoblot. LPS is a 






(Cohen, 2014), whereas in macrophages, HK-Ca binds mainly to Dectin-1, 
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Figure R-1. Curdlan specifically activates Dectin-1 signalling in BMDM. A) BMDM from 
WT and MyD88-/- or B) Dectin1-/- mice or C) BMDM from WT mice incubated for 1 h 
with DMSO or PRT062607, were stimulated with 100 ng/ml of LPS for 30 min, 10 µg/ml 
of Curdlan for 1 h, 106 CFU/ml of HK-Ca for 1 h or 50 µg/ml Zymosan for 1h. Cell lysates 
(30 µg) were immunoblotted using the indicated antibodies. All immunoblots were 
quantified by densitometry. Graphs below immunoblots show data mean ± SEM from 
one representative experiment from two experiments with similar results. *P0.05 and 
**P0.01 relative to WT control. Parametric, unpaired t-test. 
 
 In WT and MyD88-/- BMDM, we found that the activation of 
ERK1/2 was not affected by the lack of MyD88 in response to Curdlan or 
Zymosan while in response to HK-Ca this was partially impaired (Fig. R-
1A). On the other hand, ERK1/2 phosphorylation was blocked when 
MyD88-/- BMDM were stimulated with LPS (Fig. R-1A). When using 
Dectin-1-/- BMDM, we found that in response to Curdlan, the activation of 
ERK1/2 was inhibited, while ERK1/2 phosphorylation was only partially 
affected in response to HK-Ca compared to WT BMDM. In contrast, LPS 
and Zymosan activate ERK1/2 to a similar extent in both WT and Dectin-
1-/- BMDM, indicating that these stimuli were ligands of TLR receptors (Fig. 
R-1B). When we incubated WT BMDM with the compound PRT062607 
before stimulation, we observed that in response to Curdlan, ERK1/2 
phosphorylation was blocked; however, ERK1/2 phosphorylation in 
response to Zymosan and LPS was not affected by the incubation with the 
Syk inhibitor (Fig. R-1C).  
 In MyD88-/- cells the TLR signalling is blocked, whereas in 
Dectin-1-/- BMDM and in WT BMDM treated with compound PRT062607 
the CLR pathways are blocked. Therefore, these experiments confirm the 
specificity of Curdlan activating the Dectin-1-Syk-ERK1/2 signalling, and 
show that Zymosan can cause ERK1/2 activation via both TLR and Detin-
1 receptor. We then proceeded to study Dectin-1 signalling pathway in 







Figure R-2. p38g/p38d deletion blocks Dectin-1 signalling in BMDM. 
A, B) BMDM from WT and p38g/d-/- mice were stimulated with 10 µg/ml of Curdlan for 
the indicated times. A) Cell lysates (30 µg) were immunoblotted with the indicated 






















































B) Relative mRNA expression was determined by qPCR for IL1b at 0 or 1 h post-
stimulation. Results were normalized to b-actin and fold induction was calculated relative 
to WT expression at 0 h. Data shows mean ± SEM from one representative experiment 
with similar results of two in triplicate. ns = non-significant, *P0.05 relative to WT 
control. Parametric, unpaired t-test. C, D) BMDM from WT and p38g/d-/- mice were 
stimulated with 50 µg/ml of Zymosan for the indicated times. C) Cell lysates (30 µg) were 
immunoblotted with the indicated antibodies. Representative immunoblot from three 
independent experiments are shown. D) Relative mRNA expression was determined by 
qPCR for IL1b at 0 or 1 h post-stimulation. Results were normalized to b-actin and fold 
induction was calculated relative to WT expression at 0 h. Data shows mean ± SEM from 
one representative experiment with similar results of two in triplicate. ns = non-
significant, *P0.05 relative to WT control. Parametric, unpaired t-test. 
 
 ERK1/2 phosphorylation and IL1b mRNA expression was 
markedly reduced in p38g/d-/- BMDM as compared to WT after either 
Curdlan or Zymosan stimulation (Fig. R-2). Zymosan was used in these 
experiments as control. We observed that the activation of MKK1, which 
phosphorylates ERK1/2, was also blocked after Curdlan stimulation; 
moreover, Tpl2 that is an upstream activator of MKK1, had lower protein 
levels in p38g/d-/- compared to WT BMDM. In contrast, loss of p38g/p38d 
did not have a significant effect in the transient levels of JNK, p105 
phosphorylation (NF-kB) or p38a after Curdlan stimulation (Fig. R-2A). 
When stimulating WT and p38g/d-/- BMDM with Zymosan we observed 
similar results to Curdlan (Fig. R-2A). ERK1/2 phosphorylation was 
blocked in p38g/d-/- BMDM, observing again lower protein levels of its 
activator Tpl2. Also, transient phosphorylation of p105 and p38a remained 
unaffected by the absence of p38g/p38d. In contrast, JNK phosphorylation 
was found increased in the absence of p38g/p38d with Zymosan stimulated 
BMDM, which was not observed in p38g/d-/- BMDM stimulated with 
Curdlan (Fig. R-2A and C). These results show that Curdlan activates 
Dectin-1-Syk-Tpl2-ERK1/2 signalling pathway inducing IL-1b mRNA 






4.1.2 TAK1-IKKb-TPL2 are essential for Dectin-1 signalling in 
macrophages 
We have previously reported that p38g/d-/- BMDM did not express the 
upstream ERK1/2 activator Tpl2 (Risco et al., 2012). Our results suggest that 
ERK1/2 activation after Dectin-1 stimulation could be mediated by Tpl2. 
 
















































































































Figure R-3. Dectin-1 signalling pathway in BMDM. A) BMDM from WT and Tpl2-/- mice 
were stimulated with 100 ng/ml of LPS for 30 min, 10 µg/ml of Curdlan for 1 h, 106 
CFU/ml of HK-Ca for 1 h or 50 µg/ml Zymosan for 1h. Cell lysates (30 µg) were 
immunoblotted with the indicated antibodies. Representative immunoblot from two 
independent experiments are shown. B) BMDM from WT mice were incubated for 1 h 
with DMSO or 5 µM C34 and then stimulated with 10 µg/ml of Curdlan for 1 h. Relative 
mRNA expression was determined by qPCR for IL1b. Results were normalized to b-actin 
and fold induction was calculated relative to WT expression at 0 h. Data shown mean ± 
SEM from one representative experiment with similar results. ns = non-significant and 
*P  0.05, relative to WT control. Figure shows the analysis of one representative 
experiment from two experiments in duplicate. C, D, E, F, G) BMDM from WT mice were 
incubated for 1 h with DMSO, 5 µM C34, 10 µM Sorafenib, 10 µM BI605906 or NG25 at 
the indicated concentrations and then stimulated with 100 ng/ml of phorbol 12-myristate 
13-acetate (PMA) for 10 min, 100 ng/ml of LPS for 30 min or 10 µg/ml of Curdlan for 1 
h. Cell lysates (30 µg) were immunoblotted with the indicated antibodies. Representative 
immunoblot from two independent experiments are shown. 
 
 To investigate this in more depth we used Tpl2-/- BMDM. In 
these cells ERK1/2 activation was blocked in response to Curdlan, HK-Ca, 
Zymosan and LPS, compare with WT BMDM (Fig. R-3A). This confirmed 
that Tpl2 mediates ERK1/2 activation downstream of Dectin-1 receptor. 
Consistently, we found that pharmacological blockade of Tpl2 by the 
compound C34 (Green et al., 2007; Wu et al., 2009) also significantly 
reduced IL-1b mRNA production in WT BMDM but not in p38g/d-/- (Fig. 
R-3B).  
 It has been previously described that Raf-1 is activated by Dectin-
1 receptor in T cells and that, in macrophages, Dectin-1 activates ERK1/2 
through CARD9/RasGRF1/H-Ras complex (Gringhuis et al., 2009; Jia et al., 
2014). We confirmed that Raf-1 was involved in the activation of ERK1/2 
by Curdlan using the Raf-1 inhibitor Sorafenib (Bay 43-9006) (Lyons et al., 
2001) in parallel with C34. We examined if the inhibitors were working 
accordingly in WT BMDM. We first stimulated WT BMDM with PMA, 






stimulus (Beinke and Ley, 2004). We observed that when WT BMDM were 
stimulated with PMA, ERK1/2 phosphorylation was inhibited by Sorafenib, 
but not C34 (Fig. R-3C). Secondly, we used LPS which activates ERK1/2 in 
a Tpl2-depending and Raf-independent manner in WT BMDM. Under 
LPS stimulation, Sorafenib did not inhibit the activation of ERK1/2, while 
C34 blocked LPS-induces ERK1/2 phosphorylation (Fig. R-3D). Finally, 
both inhibitors blocked ERK1/2 activation after stimulation with Curdlan 
(Fig. R-3F). Our results indicate that in response to Curdlan, ERK1/2 can 
be activated via Dectin-1-Tpl2 and Dectin-1-Raf-1 signalling. 
 Tpl2 activation is regulated by IKKb, which phosphorylates Tpl2 
and p105 NF-kB1 in TLR-stimulated macrophages (Ben-Addi et al., 2014; 
Gantke et al., 2011; Roget et al., 2012). TAK1 is also required for the 
activation of IKKb that it is found in the canonical IKK complex leading to 
Tpl2-MKK1-ERK1/2 activation (Cohen, 2014). Therefore, to investigate 
whether TAK1-IKK signalling pathway was activated when triggering 
Dectin-1, we pre-treated WT BMDM with specific TAK1 inhibitor NG25 
(Dzamko et al., 2012) or specific  IKKb inhibitor BI605906 (Clark et al., 
2011). Both inhibitors were first tested pre-treating WT BMDM with them 
and then stimulating with the TLR4 ligand, LPS (Cohen, 2014). We 
observed that LPS-induced ERK1/2 phosphorylation was inhibited by 
both BI605906 and NG25 (Fig. R-3E and G). Additionally, NG25 blocked 
p105 NF-kB1 phosphorylation in response to LPS (Fig. R-3G). When we 
stimulated WT BMDM with Curdlan, after pre-treating the cells with 
BI605906 or with NG25, we observed that ERK1/2 was not phosphorylated 
(Fig. R-3F and G). All our data suggest that p38g/p38d regulate Dectin-1 
pathway by modulating Tpl2 protein levels. We propose a new signalling 
pathway in which Dectin-1 activates MKK1-ERK1/2 through both, TAK- 
IKKb-Tpl2 and Ras-Raf-1. 
 Our results indicate that Dectin-1 signalling pathway in 
macrophages activates Bcl10/MALT1/CARD9 and CARD9/RasGRF1/H-






interacting with TRAF6 and inducing the activation of the TAK1-IKKb-
Tpl2 signalling, while CARD9/RasGRF1/H-Ras complex activates Raf-1 
signalling. Both signalling converges in the activation of MAPKs and NF-
kB signalling inducing the transcription of cytokines (Fig. R-4). 
 
Figure R-4. Schematic representation of Dectin-1 signalling pathway. Dectin-1 when 
activated, recruits Syk, which induces the recruitment of CARD9/RasGRF1/H-Ras 
complex for Raf-MKK1-ERK1/2 activation. CARD9/Bcl10/MALT1 complex, is also 
recruited by Syk, activates IRAK family that interacts with TRAF6 to activate the 
TAK1/TAB1/2/3 complex. The activation of TAK1 activates IKK-Tpl2-MKK1-ERK1/2 









































 Chapter 2. Regulation of Tpl2/ABIN2 protein levels by 
p38g and p38d. 
Tpl2 is a MAP3K that forms a ternary complex with the proteins p105 NF-
kB1, an NF-kB inhibitory protein and the precursor of the NF-kB p50 
subunit, and ABIN2 (Beinke et al., 2003; Lang et al., 2004). This complex 
is a key component in the signalling pathway of TLR4. It has been 
thoroughly studied because its importance in cytokine and chemokine 
production. This complex is essential in innate immune response and is 
involved in many autoimmune diseases (Dumitru et al., 2000; Gantke et 
al., 2011; Xu et al., 2018). 
 Tpl2 and ABIN2 are very unstable proteins and are continuously 
degraded by the proteasome. All Tpl2 and ABIN2 in the cell are forming 
part of the Tpl2/ABIN2/p105 ternary complex at 1:1 stoichiometry, while 
only a small fraction of total p105 NF-kB1 in the cell is bound to the 
complex (Lang et al., 2004). We are interested in studying the molecular 
mechanism by which p38g and p38d regulate protein levels of Tpl2 and 
ABIN2 making this important complex inactive. 
 
4.2.1 p38g and p38d regulate protein levels of Tpl2 and ABIN2. 
Previous work in our laboratory showed that the absence of p38g/p38d 
reduced the protein levels of Tpl2 and ABIN2 in BMDM (Alsina-
Beauchamp et al., 2018; Risco et al., 2012). The consequence is the loss of 
Tpl2/ABIN2/p105 complex in p38g/d-/- BMDM comparing with WT, and 
a lower production of cytokines. These results lead us to further study the 
molecular mechanism by which p38g/p38d regulate the protein levels of 
Tpl2 and ABIN2, and how general was this mechanism. We analysed the 
protein levels of Tpl2 and ABIN2 in different tissue and cells from WT and 
p38g/d-/- mice by inmunoblot. In all tissues, Tpl2 and ABIN2 had lower 







Figure R-5. p38g and p38d are needed to maintain Tpl2 and ABIN2 protein levels. A) 
WT and p38g/d-/- tissue lysates (50 µg) from the indicated organs were immunoblotted 
using the indicated antibodies. B, C) WT, p38g-/-, p38d-/- and p38g/d-/- cell lysates (50 µg) 
from B) peritoneal macrophages or C) MEFs, were immunoblotted with the indicated 
antibodies. D, E) WT and p38g/d-/- MEF were stimulated with D) 100 ng/ml of PMA or E) 














































































































































with the indicated antibodies. The figure shows representative immunoblots. 
 
 We examined Tpl2 and ABIN2 protein levels in different cells 
types like peritoneal macrophages and immortalized MEFs. In peritoneal 
macrophages, we found that comparing with WT (Fig. R-5B), p38g-/- and 
p38d-/- single knock out macrophages had less protein levels of Tpl2, 
whereas p38g/d-/- macrophages had a severe reduction of Tpl2 and ABIN2 
protein levels compared to WT, p38g-/- and p38d-/- peritoneal 
macrophages (Fig. R-5B). In immortalized MEF cells, Tpl2 protein levels 
were similarly expressed in WT, p38g-/- and p38d-/- MEF, while the loss of 
both p38g/p38d, induced a severe reduction of Tpl2 protein levels. On the 
other hand, ABIN2 showed similar protein levels in WT and p38g-/- MEF 
and reduced protein levels in p38d-/- and p38g/d-/- MEF (Fig. R-5C).  
 Next, we wanted to check if ERK1/2 activation triggered by TLR4 
activation was affected in p38g/d-/- MEF. WT and p38g/d-/- MEF were 
stimulated with either LPS or PMA, using this second stimuli as control. 
PMA stimulation leads to the phosphorylation of ERK1/2 in a Raf-
dependent and Tpl2-independent  manner (Wellbrock et al., 2004). Our 
results show that ERK1/2 was transiently phosphorylated in both WT and 
p38g/d-/- MEF treated with PMA, indicating that ERK1/2 could be 
phosphorylated in p38g/d-/- cells (Fig. R-5D). LPS is known to activate 
TLR4 signalling and induce the phosphorylation of ERK1/2 in a Tpl2-
dependet and Raf-independent manner (Beinke and Ley, 2004). We 
stimulated WT and p38g/d-/- MEF with TLR4-ligand LPS and observed 
that ERK1/2 in p38g/d-/- MEF was not phosphorylated. In contrast, LPS 
caused ERK1/2 phosphorylation in WT MEFs (Fig. R-5E). To confirm LPS 
activation of other MAPKs in p38g/d-/- MEF we analysed p38a 
phosphorylation. p38a was phosphorylated in both WT and p38g/d-/- MEF 
after LPS stimulation (Fig. R-5E). Tpl2 and ABIN2 protein levels were 
severely reduced in p38g/d-/- MEF in comparison to WT MEFs for both 






 These results show that the absence of p38g/p38d, reduces the 
protein levels of both Tpl2 and ABIN2 in all tissues and cell types of the 
mice making TLR4-Tpl2-ERK1/2 signalling pathway inactive. 
 
4.2.2 Tpl2 and ABIN2 mRNA levels are not affected by p38g/d deletion. 
We found that Tpl2 and ABIN2 protein levels were decreased in p38g/d-/- 
mice when compared to WT, and that ERK1/2 phosphorylation was 
impaired in p38g/d-/- cells. We then wanted to elucidate the molecular 
mechanism by with p38g/p38d cause these effects and studied if the lack 
of p38g/p38d decreased Tpl2 and ABIN2 mRNA levels. 
 First, we analysed Tpl2 and ABIN2 total mRNA levels in BMDM, 
peritoneal macrophages and MEF. The lack of p38g/p38d did not affect 
either Tpl2 or ABIN2 mRNA levels regardless of cell type (Fig. R-6A to F). 
mRNAs are transcribed in the nucleus and then translocated to the cytosol. 
To test if the absence of p38g/p38d inhibited specific mRNA transport, we 
separated WT and p38g/d-/- BMDM lysate into cytosol and nucleus fraction 
and quantified Tpl2 and ABIN2 mRNA by qPCR. In the nucleus of p38g/d-
/- BMDM the levels of Tpl2 mRNA were higher than in WT BMDM, while 
ABIN2 mRNA was similar in both WT and p38g/d-/- BMDM (Fig. R-6G and 
H). In the cytosol fraction Tpl2 and ABIN2 mRNA levels were similar in 
both WT and p38g/d-/- BMDM (Fig. R-6G and H). Specific proteins from 
the cytosol and nucleus fraction were immunoblotted to confirm no cross 
contamination between the fractions. Lamin-b, which is an inner nuclear 
membrane protein, was found in the nucleal fractions, while the 












































































































































































































































Figure R-6. p38g and p38d do not regulate Tpl2 and ABIN2 mRNA levels. mRNA 
expression was determined by qPCR for Tpl2 and ABIN2. Results were normalized to b-
actin and fold induction was calculated relative to WT expression. Data shown mean ± 
SEM from one representative experiment of 2 or 3 in triplicate with similar results except 
for peritoneal macrophages. Total mRNA levels from WT and p38g/d-/- A, B) BMDM; C, 
D) peritoneal macrophages (n = 3 - 4); E, F) MEF. G, H) Cytosolic and nuclear mRNA 
expression levels were determined for Tpl2 and ABIN2 as indicated before, from WT and 
p38g/d-/- BMDM. Data shown mean ± SEM from one representative experiment of three 
with similar results. The p-value was determined by two-tailed Student´s t-test: **P0.01 
relative to WT. I) Fraction lysates (50 µg) were immunoblotted with the indicated 
antibodies. 
 
 Our results indicate that the decrease of Tpl2 and ABIN2 protein 
levels in p38g/d-/- cells were not due to either a decrease of Tpl2 or ABIN2 
mRNA levels, indicating that the mRNA synthesis and degradation were 
similar to those in WT cells, or to a defect in the mRNA transport from the 
nucleus to the cytosol. 
 
4.2.3 p38g and p38d interact with Tpl2. 
Tpl2 and ABIN2 are stable proteins in the cell when they are forming the 
ternary complex Tpl2/ABIN2/p105. It has been described that Tpl2 needs 
both ABIN2 and p105 to maintain its stability (Beinke and Ley, 2004; 
Beinke et al., 2003; Lang et al., 2004), while ABIN2 stability has been 
shown to also depend on Tpl2 (Sriskantharajah et al., 2014). We 
investigated if p38g/p38d were interacting with the Tpl2/ABIN2/p105 
complex through Tp2 and/or ABIN2 to maintain their stability. We first 
used Raw264.7 cell line and separated protein complexes by their 
molecular weight using a gel filtration chromatography. We observe that 
Tpl2, ABIN2 and p105 co-elute with p38d at ~669 kDa, while the band of 
p38g was barely detected at ~669 KDa fraction and was mainly found 








Figure R-7. p38d co-elutes with Tpl2, ABIN2 and p105. Raw264.7 cell lysates (1 mg) were 
loaded into the gel filtration chromatography. Upper panel shows the mAU (absorbance 
unit of UV) of the sample while collecting 0.5 ml/fraction. Graph shows the elution of 
fixed reference molecular weight markers: 669, 443, 200, 150, 66 and 29 KDa. The lower 
panel, 50 µl of the indicated fractions were immunoblotted with the indicated antibodies. 
 
 We next examined whether p38g/p38d were associating to 
Tpl2/ABIN2/p105 complex. For this, we transfected GST-Tpl2, Flag-




























ABIN2 and HA-p105, with HA-p38g or Myc-p38d, and then isolated the 
complex by pull-down assay. We found that pulling-down GST-Tpl2, p38g 
or p38d were bound to the Tpl2/ABIN2/p105 complex (Fig. R-8A and B). 
Next, to identify which proteins of the Tpl2/ABIN2/p105 complex was 
directly interacting with either p38g or p38d, we transfected GST-tagged 
versions of Tpl2, ABIN2 or p105 in separate with HA-p38g and Myc-p38d. 
We observed that both p38g and p38d interacted with Tpl2 (Fig. R-8A and 
B), suggesting the binding of the p38MAPKs to the Tpl2/ABIN2/p105 
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Figure R-8. p38g and p38d interact with Tpl2/ABIN2/p105 complex through Tpl2. A, B) 
HEK293 cells were transfected with plasmids that express the indicated proteins. GST 
fusion proteins were pulled-down from 500 µg of lysates. The Pellets and 30 µg protein 
lysates (for loading control) were immunoblotted with the indicated antibodies (upper 
panel). Representative immunoblots are shown. Bands from 2 experiments were 
quantified using Odyssey infrared imaging system (bottom panel) data show mean ± SEM 
from two experiments in duplicate. These experiments were performed in collaboration 
with Diego González-Romero. 
 
4.2.4 Tpl2 stability depends on p38g and p38d. 
To study if Tpl2 and ABIN2 stability is regulated by p38g/p38d, we 
analysed the stability of endogenous Tpl2 and ABIN2 from WT and 
p38g/d-/- MEF and BMDM in cycloheximide chased experiment. Although 
Tpl2 and ABIN2 protein levels were very low in p38g/d-/- cells, there was 
still enough for quantification in MEF; however, in BMDM we were unable 
to quantify ABIN2 protein. We observed that in MEF and BMDM, Tpl2 
was degraded at a higher rate in p38g/d-/- than in WT cells (Fig. R-9A, D 
and E). When measuring ABIN2 stability in MEFs we found no statistical 
difference between WT and p38g/d-/- cell (Fig. R-9B and D). We 
immunoblotted for p38a as control and observed that its degradation rate 
in WT and p38g/d-/- cells was similar (Fig. R-9C, D and F). These results 
suggest that p38g/p38d were needed to maintain endogenous Tpl2 stability, 
but not the stability of ABIN2 in MEF. 
 To study Tpl2 and ABIN2 stability in more depth, we transfected 
GST-Tpl2 or GST-ABIN2 in WT and p38g/d-/- MEFs. First, we performed 
metabolic labelling with 35S-Met/Cys and pull-chased GST-Tpl2 and GST-
ABIN2. We observed that GST-Tpl2 had a faster decreased rate in p38g/d-
/- than in WT MEF, while GST-ABIN2 had the same decrease in both 
p38g/d-/- than in WT MEF (Fig. R-10A, B). We then analysed the stability 
of GST-Tpl2 and GST-ABIN2 transfected in WT, p38g-/-, p38d-/- and 






which inhibits protein translation. We observed that in p38g-/-, p38d-/- and 
p38g/d-/- MEF, GST-Tpl2 was degraded at a higher rate than in WT MEF, 




















































































































Figure R-9. p38g and p38d regulate endogenous Tpl2 protein stability. WT and p38g/d-
/- cells were incubated with 100 ng/ml of CHX for the indicated time. Cell lysates were 
immunoblotted and quantified by densitometry. A, B, C) Relative protein levels (% 
relative to protein levels at 0 h) from MEF cells, D) Representative immunoblots of the 
indicated proteins from MEF. E, F) Relative protein levels (% relative to protein levels at 
0 h) from BMDM. Quantification shows protein levels % relative to protein levels at 0 h 
lysates. Data show mean ± SEM of one representative experiment of 2 in duplicate. *P
0.05 and **P0.01, relative to WT control cells. 
 
 Both experiments indicate that the stability of Tpl2 is p38g- and 
p38d-dependent, whereas the stability of ABIN2 protein is p38g- and p38d-
independent. 
 
Figure R-10. p38g and p38d help to maintain Tpl2 protein stability in transfected cells. 
WT and p38g/d-/- MEF cells were transfected with A) GST-Tpl2 or B) GST-ABIN2, 
metabolically labelled with 35S Met/Cys (30 min) and pulse-chase of the GST-proteins 
was performed at the indicated times. GST proteins were pulled-down, resolved in SDS-
PAGE (10% acrylamide) and visualised by radiography. Bands were quantified by 
densitometry. Panel on the right show the protein levels quantification relative (%) to 
protein levels at 0 h. Dara show mean ± SEM of one representative experiment of 2 in 
WT
p38γ/δ-/-
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duplicate. *P0.05, relative to WT MEF.  
 
 Since p38g/d-/- cells have low protein levels of both Tpl2 and 
ABIN2, and previous work suggests that Tpl2 and ABIN2 regulate each 
other protein stability (Lang et al., 2004; Papoutsopoulou et al., 2006; 
Sriskantharajah et al., 2014), we investigated if Tpl2 stability was 
modulated by either p38g/p38d, or ABIN2, or both. 
 We then transfected p38g/d-/- MEF with GST-Tpl2 alone or with 
p38g/p38d or with ABIN2 and performed cycloheximide chased 
experiment. We observed that GST-Tpl2 was more stable when 
transfected with p38g/p38d than when it was transfected alone, although it 
did not reach those levels that when it was transfected with ABIN2 (Fig. R-
11C). We also compared the stability of the over-expressed GST-Tpl2 in 
MEF WT, p38g/d-/-, and p38g/d-/- transfected with ABIN2. We found that 
ABIN2 did not restore GST-Tpl2 to the WT levels (Fig. R-11C). Our results 
show that although ABIN2 stabilized GST-Tpl2 in p38g/d-/- cells, it was not 
enough to achieve the levels of GST-Tpl2 transfected in WT MEF. These 
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Figure R-11. p38g, p38d and ABIN2 control Tpl2 protein stability in MEF. A, B) WT, 
p38g-/-, p38d-/- and p38g/d-/- MEF cells were transfected with A) GST-Tpl2 or B) GST-
ABIN2 and then incubated with 100 ng/ml of CHX for the indicated times. Cell lysates 
were immunoblotted and quantified by densitometry. Upper panels show the 
quantification of protein levels relative (%) to protein at 0 h. Data are shown as mean ± 
SEM of one representative experiment of 2 in duplicate. *** P 0.001. Representative 
immunoblots are shown (bottom panels) C) WT and p38g/d-/- MEF cells were transfected 
with GST-Tpl2 alone or with the indicated plasmids, and then incubated with 100 ng/ml 
of cycloheximide for the indicated times. Cell lysates were immunoblotted and 
quantified by densitometry as indicated before. Data show mean ± SEM of one 
representative experiment of 2 in duplicate. * P 0.05, ** P 0.01, *** P 0.001. 
 
4.2.5 p38g and p38d do not affect Tpl2/ABIN2 degradation by 
proteasome. 
Both Tpl2 and ABIN2, are continuously degraded by the proteasome and 
translated into the cytosol to maintain total protein levels for signalling 
(Gándara et al., 2003; Lang et al., 2004). In experiments blocking 
proteasome activity in ABIN2-/- BMDM it has been shown that the protein 
level of Tpl2 increases to the same extent than those in WT BMDM, 
indicating that the lack of ABIN2 in BMDM decreases the steady-state 
levels of Tpl2 (Papoutsopoulou et al., 2006).  
 Here we studied if the loss of Tpl2 and ABIN2 in p38g/d-/- cells 
could be due to an increase in proteasome-mediated proteolysis. For this, 
WT and p38g/d-/- BMDM and MEF were treated with the proteasome 
inhibitor MG132. Tpl2 protein levels increased in WT and p38g/d-/- BMDM 
after 2 and 5 h of incubation with MG132, although the levels of Tpl2 in 
p38g/d-/- BMDM incubated with MG132 did not reach those of WT (Fig. R-
12A and D). After incubation for 5 h with the proteasome inhibitor MG132, 
the level of ABIN2 increases in WT but not in p38g/d-/- BMDM (Fig. R-12B 
and D). As control, we measured p38a protein levels in WT and p38g/d-/- 
BMDM after treatment with the proteasome inhibition and observed no 






and D). These results show that the lack of p38g/p38d do not affect Tpl2 
and ABIN2 degradation by proteasome and suggest that p38g/p38d might 
regulate Tpl2 and ABIN2 proteins synthesis. 
 We then tested if WT and p38g/d-/- MEF rendered similar results 
than those observed in BMDM. We incubated WT and p38g/d-/- MEF with 
MG132 and we observed a small increase of Tpl2 protein levels at 2 h post-
incubation in WT MEF but not at 5 h. MG132-incubated p38g/d-/- MEF 
increased Tpl2 in a significantly manner at both 2 and 5 h post-incubation. 
However, Tpl2 in MG132 treated p38g/d-/- MEF never reached the levels of 
those in WT MEF (Fig. R-12E and H). MG132 treatment did not increase 
ABIN2 protein in MEF, although there was a small accumulation at 5h 
post-incubation in p38g/d-/- MEF, this never reached the levels of WT MEF 
(Fig. R-12F and H). We examine p38a protein levels as control and did not 
observed any difference in all experimental conditions used (Fig. R-12G 
and H). All our results indicated that p38g/p38d regulate protein synthesis 








Figure R-12. p38g and p38d do not regulate Tpl2 and ABIN2 degradation by proteasome. 
WT and p38g/d-/- A, B, C, D) BMDM or E, F, G, H) MEF were incubated with DMSO or 40 
µM of MG132 for 0, 2 or 5 h. Lysates were immunoblotted for the indicated proteins and 
they were quantified by densitometry. Quantification shows protein levels relative (%) to 
0 h. Data show mean ± SEM of two experiments in duplicate. The p-value was determined 
by two-tailed Student´s t-test: *P0.05, ** P 0.01, *** P 0.001 relative to control (0 h) or  
# P 0.05 and ## P 0.01 relative to WT cells. 
 

















































































































































































4.2.6 p38g and p38d regulate protein translation. 
Since our results suggest that p38g and p38d might regulate Tpl2 and 
ABIN2 translation in a selective manner, we then analysed polysome 
profiles of WT and p38g/d-/- MEF, which separates RNA-protein 
complexes. For this, we loaded lysates from WT and p38g/d-/- MEF into a 
10 – 50% sucrose gradient, separate RNA-protein complexes by 
centrifugation and while fractions were collected the 254 nm absorbance 
was measured to obtain the polysome profiles. Figure R-13A, shows the 
polysome profiles of WT and p38g/d-/- MEF in which we can observe the 
supernatant fraction (free RNAs), then the 40S and 60S ribosomal subunit, 
the 80S monosome and finally the polysomes (from light to heavy 
polysomes). 
 We found that the polysome profile of p38g/d-/- MEF had higher 
40S and 60S peaks, while the polysome region was decreased compared 
to WT. This result indicated that in general p38g/d-/- MEF had less 
polysomes than WT and, therefore, less translation (Fig. R-13A). To test 
the consistency of these results, we generated Flp-In T-REx HEK293 
p38g/d-/- cells by CRISPR-Cas9 edition. We first confirmed the decrease in 
p38g/p38d protein expression by immunoblot (Fig. R-13B). We analysed 
the polysome profile of WT and p38g/d-/- Flp-In T-REx HEK293 cells in 
the same conditions described before (Fig. R-13C). We found a similar 
pattern than in p38g/d-/- MEF, in p38g/d-/- Flp-In T-REx HEK293, the 40S 
peak and 80S monosome were increased and the polysome region was 
decreased when comparing with WT Flp-In T-REx HEK293. This result 
support the conclusion that p38g/p38d are involved in regulating protein 








































































































































































Figure R-13. Analysis of the polysome profile of WT and p38g/d-/- cells. Cytoplasmatic 
extracts from WT and p38g/d-/- cells were fractioned by centrifugation on a 10 – 50 % 
sucrose gradient. Twelve fractions were collected while 254 nm absorbance was recorded. 
A) Polysome profile of WT and p38g/d-/- MEF. Data shows one representative profile (n = 
3) of two experiments. B) WT, p38g-/-, p38d-/-, p38g/d-/- Flp-In T-REx HEK293 cells lysates 
were immunoblotted for the indicated proteins. * non-specific band appears with p38g 
antibody. C) Polysome profile of WT and p38g/d-/- Flp-In T-REx HEK293 cells. Data show 
one representative profile (n = 3) of two experiments. D, E, F) RNA was extracted for each 
fraction of WT and p38g/d-/- MEF and subjected to qPCR analysis of D) Tpl2, E) ABIN2 
and F) b-actin mRNAs. Values were normalized to GAPDH. Data show mean ± SEM (n = 
3). The p-value was determined by two-tailed Student´s t-test: *P>0.05, **P0.01 relative 
to WT input. 
 
 To analyse if p38g/p38d regulate the specific translation of Tpl2 
and ABIN2 we extracted mRNA from the polysome profile fractions and 
quantified the mRNA distribution of Tpl2 and ABIN2, using b-actin mRNA 
as control. When comparing p38g/d-/- with WT MEF fractions we observed 
that Tpl2 mRNA accumulated in the ribosomal subunit fraction 40S and 
more significantly in 60S, and this trend remained until 80S monosome. 
In contrast, Tpl2 mRNA in the light polysome fraction was significantly 
decreased (Fig. R-13D). ABIN2 mRNA in p38g/d-/- MEF was more abundant 
in the supernatant fraction and decreased in the light polysome fractions 
when compared to WT MEF (Fig. R-13E). We also used b-actin mRNA as 
control for general gene translation, and confirm that b-actin mRNA 
distribution in the fractions did not change between WT and p38g/d-/- MEF 
(Fig. R-13F). These results indicated that p38g/p38d are regulating the 
general process of protein translation and in a specific manner they are 
regulating the Tpl2 and ABIN2 translation. 
 
4.2.7 p38d regulates Tpl2 translation through Tpl2 3’UTR mRNA. 
mRNAs are highly regulated molecules, whose translation could be altered 






mechanism by which p38g/p38d might regulate Tpl2 and ABIN2 mRNA 
translation we first identify possible molecules that could be interacting 
with their mRNA sequence. For this we used a theoretical approach and 
the ensemble data base (https://www.ensembl.org/index.html) (Fig. R-14). 
We looked for mouse Tpl2 and ABIN2 mRNA binding molecules: RNA 
binding proteins (RBPs) from RBP Toronto data base 
(http://rbpdb.ccbr.utoronto.ca), and microRNA from 
TargetSacnMouse7.1; and also, for open reading frames (uORF). From the 
RBPs identified we selected the ones that were known to be modulated by 
p38MAPK (Tiedje et al., 2014): Zinc finger protein 36 (ZFP36), which has 
been demonstrated to be phosphorylated by p38a/MK2 (Chrestensen et 
al., 2004); Non-POU Domain Containing Octamer (NONO) that interact 
with p38g in data showed afterwards in this thesis; and PABPC1 that 
promotes ribosome recruitment and translation initiation via p38a/MK2 
(Bollig et al., 2003). We found that Tpl2 3’UTR mRNA had one binding site 
for ZFP36, two binding sites for NONO and five binding sites for PABPC1, 
while ABIN2 3’UTR mRNA had only four binding sites for NONO. 
 In the case of microRNAs, we observed that only Tpl2 3’UTR 
mRNA had microRNA binding sites. We found four different microRNA 
binding sites. miR-101-3p.2 (binding sequence: UACUGUA), miR-17-
5p/20-5p/95-5p/106-5p (binding sequence: GCACUUU), miR-101a-
3p.2/101b-3p.1/101b-3p.2 (binding sequence: UACUGUA) and miR-144-3p 
(binding sequence: AUACUGU, which was the most conserved among 
species according to the data base). Finally, we searched for uORF, which 
are located at the 5’UTR of the mRNA. The importance of uORF is that 
represses normal translation of protein coding sequence (CDS) in 
situations of integrated stress response where the global control of 
translation initiation is reduced. Neither Tpl2 nor ABIN2 had canonical 







Figure R-14. Schematic representation of mouse mRNA. A) Tpl2 mRNA and B) ABIN2 
mRNA. Representations show 5’UTR, coding regions (M1-Tpl2, M30-Tpl2 and ABIN2) 
and 3’UTR. In the 3’UTR region, cloning sites for psiCHEK-2 plasmid are showed as 
forward primer (Fw) and revers primer (Rv) and the binding sites of the RBPs NONO, 
TTP and PABPC1 or microRNA binding sequences are shown as colour bars. 
 
 After this theoretical study we found that most of the possible 
regulating components were located at the 3’UTR region of the mRNA of 
Tpl2 and ABIN2. Therefore, we cloned 3’UTR of mouse Tpl2 mRNA and 
3’UTR of mouse ABIN2 mRNA in psiCHEK2 plasmid (Fig. R-15A). 
 Both Tpl2 3’UTR and ABIN2 3’UTR were cloned after Renilla 
CDS to study how Renilla expression was modulated by them in WT and 
p38g/d-/- MEF. As described in methods the expression of firefly, which is 
in the same vector, was used as transfection control (Fig. R-15A, Figure M-
1). First, we observed that psiCHEK-2 empty vector induced the same 
expression of Renilla in WT and p38g/d-/- MEF (Fig. R-15B). When we 
analyse Tpl2 3’UTR plasmid in WT and p38g/d-/- MEF, we found that the 
expression of Renilla was significantly more repressed in p38g/d-/- MEF 
than in WT MEF. In contrast, ABIN2 3’UTR effect on the expression of 
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indicated that 3’UTR mRNA of Tpl2, but not of ABIN2, was regulated by 
p38g/p38d. 
 
Figure R-15. Effect of p38g/p38d on the role of 3’UTR of Tpl2 and ABIN2 mRNA in 
translational repression. A) Schematic representation of the psiCHEK2-Renilla-Tpl2 
3’UTR (Tpl2 3’UTR) and psiCHEK2-Renilla-ABIN2 3’UTR (ABIN2 3’UTR) reporter. B) WT 
and p38g/d-/- MEF were transfected with either luciferase plasmids psiCHEK-2 as empty 
vector, or Tpl2 3’UTR or ABIN2 3’UTR. Luciferase activity was measured 24 h after 
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calculated for the Tpl2 3’UTR or ABIN2 3’UTR reporter relative to psiCHEK-2 empty 
vector for each condition. Data show mean ± SEM (n = 3). C) Stable MEF cell lines were 
generated as indicated in Methods: WT-EV, p38g/d-/--EV, p38g/d-/--p38g or p38g/d-/--p38d 
MEF were lysed and 50 µg were immunoblotted with the indicated antibodies. D) The 
indicated stable MEF cell lines were transfected with either psiCHEK-2 empty vector, or 
Tpl2 3’UTR, or ABIN2 3’UTR. Luciferase activity was measured 24 h after transfection. 
Renilla values were normalized against Firefly levels and repression fold was calculated 
for the Tpl2 3’UTR or ABIN2 3’UTR reporter relative to psiCHEK-2 for each condition. 
Data show mean ± SEM (n = 3). E) WT and p38g/d-/- MEF were transfected for gene 
silencing with the indicated siRNAs for 72 h. Cells were lysed and 30 µg were 
immunoblotted with the indicated antibodies. The p-value was determined by two-tailed 
Student´s t-test: *P0.05, ***P0.001. 
 
 To confirm that p38g/p38d were regulating Tpl2 and ABIN2 total 
protein levels we performed rescue experiments. We expressed p38g or 
p38d in p38g/d-/- MEF by stable lentiviral infection and examined if Tpl2 
and/or ABIN2 were expressed. We infected p38g/d-/- MEF with either EV 
(p38g/d-/--EV), or p38g (p38g/d-/--p38g), or p38d (p38g/d-/--p38d). We also 
infected WT with either EV alone (WT-EV) to verify the Tpl2 rescue. First, 
we immunoblotted lysates from infected MEFs and found that in p38g/d-/-
-p38d MEF the Tpl2 protein expression was rescued, while in p38g/d-/--
p38g MEF ABIN2 protein levels were restored (Fig. R-15C). We confirmed 
that p38g was expressed in p38g/d-/--p38g MEF and p38d in p38g/d-/--p38d 
MEF (Fig. R-15C). Secondly, we studied if the rescued Tpl2 protein levels 
were due to Tpl2 3’UTR regulation. We transfected p38g/d-/--EV p38g/d-/--
p38g and p38g/d-/--p38d MEFs with psiCHEK-2 or Tpl2 3’UTR. We 
measured Renilla and firefly luciferase activities and found that Tpl2 3’UTR 
Renilla was rescued only in p38g/d-/- p38d MEF (Fig. R-15D), reaching the 
same repression fold found in WT MEF (Fig. R-15B). Tpl2 3’UTR Renilla 
repression fold was similar in p38g/d-/- MEF and p38g/d-/--EV MEF (Fig. R-
15B and D). These two experiments indicate that the main contributor 






regulation of Tpl2 and ABIN2 total protein levels both p38g/p38d are 
needed. 
 To test if Tpl2 and ABIN2 were translationally repressed by one 
or more of the identified RBPs we used siRNA technique to silence NONO, 
PABPC1 or ZFP36 in WT and p38g/d-/- MEF. When we examined the RBP 
protein levels in WT and p38g/d-/- MEF, we found that the expression of 
PABPC1 was reduced in p38g/d-/- MEF comparing with WT cells, whereas 
NONO and ZFP36 were expressed at similar levels (Fig. R-15E).  We 
observed that knockdown of: 1) NONO did not affect Tpl2 nor ABIN2 
expression; 2) PABPC1 increased Tpl2 and ABIN2 expression in WT MEF, 
but not in p38g/d-/- MEF; finally, 3) ZFP36 was not silenced in our 
experimental conditions and therefore we could not reach a conclusion 
(Fig. R-15E). 
 
4.2.8 p38g and p38d interactome and phosphorylation profiles in 
macrophages. 
p38g can regulate complexes independently of its kinase activity. This 
characteristic is in part due to its C-terminal sequence that binds to PDZ 
domains (Hasegawa et al., 1999). Our data from the gel filtration 
chromatography experiment using Raw264.7 lysates, also indicated that 
p38d in macrophages is forming complexes (Fig. R-7). To study the 
possible targets of p38g/p38d that could be regulating translation, we 
performed two different experiments in unstimulated macrophages: 1) we 
determine the p38g/p38d interactome, and 2) we study phospho-proteome 







Figure R-16. p38g and p38d interactome analysis in BMDM. BMDM from WT mice were 
lysate and 4.5 mg of protein were incubated with purified proteins GST, GST-p38gKD or 
GST-p38dKD. Pellets containing the p38MAPK protein complexes were electrophoresed, 
digested and analysed by LC-MS. A) Graph indicating the number of proteins that 
specifically bind to GST-p38gKD or GST-p38dKD, after filtering the data as indicated in 
the text. B) Venn diagram of GST-p38gKD and/or GST-p38dKD interacting proteins. 
 
 To study the interactome of p38g/p38d we carried out pull-down 
assay using lysates from WT BMDM and GST-tagged versions of 
p38g/p38d kinase dead (KD) mutants, which have not kinase activity:  GST-
p38gKD and GST-p38dKD. We also used GST alone as control. Only 
peptides with FDR<1% were considered as statistical significance, leaving 
us with a list of 319 interacting proteins for p38g and 332 interacting 
proteins for p38d. We then search in the lists for proteins that specifically 
associate to either p38g or p38d and could be implicated translation. For 
this, we first excluded proteins that bind to GST alone (GST bound, 66-
70% of the protein), structural proteins (such as actin and keratin), 
pseudogenes, and glutathione family proteins (~6 % of the proteins) and 
considered that the rest of the proteins, ~25 %, specifically interacted with 
p38g and/or p38d (Fig. R-16A). Then we examined which of those proteins 
specifically interacted with either p38g or p38d, and found that 32 proteins 
were common interactors, whereas 44 and 58 of the proteins were specific 
for p38g and p38d, respectively (Fig. R-16B). Using the STRING analysis 




































proteins bound to p38g or p38d.  For p38gKD, the KEGG pathways 
enrichment with lowest discovery rate was by far the ribosome pathway 
(Fig. R-17A and Table R-1).  Ribosomal proteins that bind to p38g such as 
RPS18 and RPL12, indicated that p38g is implicated in the translational 
pathway (Fig. R-17A and Table R-1). For p38dKD, the KEGG pathways 
enrichment with lowest discovery rate was the carbon metabolism 
pathway indicating that p38d regulates metabolism in macrophages (Fig. 
R-17B and Table R-2). In p38d-interactome we observed that the fourth 
most enriched pathway was again ribosome pathway and among the 
proteins interacting with p38d we found eEF2 and eEF1A1, which are 
involved in the regulation of the elongation process (Fig. R-17B and Table 
R-2). eEF2 had already been described to be regulated by p38d by 
phosphorylating its kinase eEF2K (Knebel et al., 2001). 
 To further study the mechanism by which p38g/p38d were 
regulating translation we analysed different steps in mRNA translation by 
luciferase assay using the following constructs: 1) a bicistronic reporter 
construct that has Renilla luciferase under the simian virus 40 (SV40) 
promoter that induces cap-dependent translation (Chio et al., 2016); 2)  
firefly luciferase under the control of the internal ribosome entry site 
(IRES) from the hepatitis C virus (HCV-IRES), which requires only certain 
canonical initiation factors, such as eIF3 and eIF2a (Otto and Puglisi, 
2004); and 3) the cricket paralysis virus IRES (CrPV-IRES) that induces 
mRNA translation independently of any eIFs and recruiting the ribosomal 
subunits directly to the mRNA (Wilson et al., 2000) (Fig. R-18). We 
transfected these plasmids in WT and p38g/d-/- MEF and found that both 
SV40-CAP and specially CrPV-IRES significantly decreased luciferase 
translation in p38g/d-/- comparing with WT MEF (Fig. R-18). This indicated 
that p38g and p38d were regulating both cap-dependent and cap-
independent translation; however, we still do not know how these kinases 







Figure R-17. p38g and p38d interactome KEGG-pathways analysis. Enrichment in KEGG 
pathways analysed using STRING platform with a medium confidence of 0.4.  All sources 
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Table R-1. GST-p38gKD interacting proteins involved in translation, in macrophages. 
 
 




Figure R-18. p38g and p38d were regulating both cap-dependent and cap-independent 
protein translation. WT and p38g/d-/- MEF were transfected with bicistronic reporter 
plasmids SV40-CAP, HCV-IRES or CrPV-IRES. Luciferase activity was measured 24 h 
after transfection. Data show mean ± SEM (n = 3) and relative to WT luciferase values. 
The p-value was determined by two-tailed Student´s t-test: *P0.05. 
GST-p38γKD
Protein_Acc Description Gene
Q561N5 40S ribosomal protein S18 OS=Mus musculus GN=Rps18 PE=2 SV=1 RPS18
Q545F8 40S ribosomal protein S4 OS=Mus musculus GN=Rps4x PE=2 SV=1 RPS4X
Q497E9 40S ribosomal protein S8 OS=Mus musculus GN=Rps8 PE=1 SV=1 RPS8
Q3UBI6 Putative uncharacterized protein OS=Mus musculus GN=Rpl7 PE=2 SV=1 RPL7
Q5YLW3 40S ribosomal protein S3 OS=Mus musculus GN=Rps3 PE=1 SV=1 RPS3
O70251 Elongation factor 1-beta OS=Mus musculus GN=Eef1b PE=1 SV=5 EEF1B
Q3TIQ2 Putative uncharacterized protein OS=Mus musculus GN=Rpl12 PE=2 SV=1 RPL12
Q3U5P8 40S ribosomal protein S3a OS=Mus musculus GN=Rps3a1 PE=2 SV=1 RPS3A1
Q5RKP3 60S ribosomal protein L13 OS=Mus musculus GN=Rpl13 PE=2 SV=1 RPL13
A0A0G2JES3 60S ribosomal protein L9 (Fragment) OS=Mus musculus GN=Rpl9 PE=1 SV=1 RPL9
O89072 Ribosomal protein S2 (Fragment) OS=Mus musculus GN=Rps2 PE=2 SV=1 RPS2
Q4VA28 Ribosomal protein L21 OS=Mus musculus GN=Rpl21 PE=2 SV=1 RPL21
Q3U561 Ribosomal protein OS=Mus musculus GN=Rpl10a PE=2 SV=1 RPL10A
Q3TK12 Putative uncharacterized protein OS=Mus musculus GN=Rps17 PE=2 SV=1 RPS17
Q9CWI9 Putative uncharacterized protein OS=Mus musculus GN=Rps23 PE=2 SV=1 RPS23
GST-p38δKD
Protein_Acc Description Gene
Q3UA81 Elongation factor 1-alpha OS=Mus musculus GN=Eef1a1 PE=2 SV=1 EEF1A1
Q3TJZ1 Putative uncharacterized protein OS=Mus musculus GN=Eef2 PE=2 SV=1 EEF2
Q3TIQ2 Putative uncharacterized protein OS=Mus musculus GN=Rpl12 PE=2 SV=1 RPL12
Q3UBI6 Putative uncharacterized protein OS=Mus musculus GN=Rpl7 PE=2 SV=1 RPL7
S4R223 40S ribosomal protein S19 OS=Mus musculus GN=Rps19 PE=1 SV=1 RPS19
Q3UJS0 Putative uncharacterized protein OS=Mus musculus GN=Rpl8 PE=2 SV=1 RPL8
































 To elucidate possible targets of p38g/p38d that could be 
regulating Tpl2 mRNA specifically we performed comparative phospho-
proteomics analysis. The phospho-proteomic experiments were done 
using peritoneal macrophages from WT, p38g-/-, p38d-/- and p38g/d-/- mice, 
in triplicate and in basal conditions. This will identify proteins that could 
be differentially phosphorylated and cause the decrease in the steady-state 
protein levels of Tpl2 and ABIN2. The phospho-proteomic analysis was 
performed in collaboration with Dr. Eric Bonneil from the Proteomic 
Platform in the Institute for research in immunology and cancer in 
Montreal, Canada and Dr. Mehdi Jafarnejad from Goodman Cancer 
Research Centre in Montreal, Canada (Fig. R-19). Interestingly the results 
from these analyses indicate that p38g is repressing phosphorylation, since 
we observed a clear increase in phosphorylated proteins when p38g is 
deleted in macrophages (Fig. R-19A, D). Contrary, p38d had the expected 
opposite effect, p38d deletion caused a decrease in general protein 
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Figure R-19. p38g and p38d 
phosphor-proteomic analysis in 
peritoneal macrophages. A, B, C) 
Volcano plots of phospho-proteomic 
analysis of differentially 
phosphorylated proteins in WT vs A) 
p38g-/-, B) p38d-/- or C) p38g/d-/- 
peritoneal macrophages. D) Venn 
diagram of differentially 
phosphorylated proteins in WT vs 








 When we analysed p38g/d-/- vs WT, the absence of both kinases 
compensated the effect of either p38g or p38d single deletion by reaching 
an equilibrium in the number of phosphorylated vs unphosphorylated 
proteins (Fig. R-19C, D). We then selected proteins that were down 
regulated in WT vs p38g-/-, p38d-/- or p38g/d-/- and among them searched 
for peptides phosphorylated on Ser or Tyr residues followed with a Pro. 
This will permit to identify possible direct substrates of p38g o p38d (Fig. 
R-19D).  p38d phosphorylates specifically 20 proteins, whereas p38g 
phosphorylates only 7 in agreement with what we observed in the volcano 
plots (Fig. R-19D). Venn diagram representation show that only the 
phosphorylation of two proteins was downregulated in all three p38g-/-, 
p38d-/- or p38g/d-/- macrophages (Fig. R-19D). These two proteins were 
thyroid hormone receptor-associated protein 3 (Tharp3) and WD repeat 
domain 33 (Wdr33), and both were involved in mRNA processing. Tharp3 
is implicated in pre-mRNA splicing and Wdr33 regulates poly(A) mRNA 
by  binding to the AAUAAA sequence (Chan et al., 2014; Schönemann et 
al., 2014). 
 We then combined p38g or p38d interactome and phospho-
proteomic analysis using the STRING platform to identify the most 
important functions or biological process in which these kinases are 
involved in macrophages (Fig. R-20 and R21). The only common protein 
between the interactome to p38gKD and the phospho-proteomic analysis, 
Rbm39, which was part of the mRNA processing enrichment group (Fig. 
R-20 and R21).  
 p38g enriched terms with STRING platform provides the 
following terms: Translation, mRNA processing, Mitochondria inner 
membrane, Rab subfamily of small GTPase, Myosin complex, 
Complement family C1q domain, Anexin superfamily, Unfolded protein 
binding, Short Calmodulin binding motif and 14-3-3 homologues (Fig. R-
20). On the other hand, the terms produced by p38d analysis were: 






binding, Translation, mRNA processing, Rab family small GTPase, 14-3-3 
homologues and DNA binding transcription factor binding (Fig. R-21). 
 The main groups to identify possible candidates that could be 
regulating specifically Tpl2 and ABIN2 mRNA translation were: 
Translation and mRNA processing. 
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 In this chapter we have demonstrated that steady-state protein 
levels of Tpl2 are specifically regulated by p38g/p38d by two possible 
independent mechanisms, one by regulating Tpl2 stability through 
interaction and a second mechanism in which p38d modulates specific 
Tpl2 mRNA translation through the regulation of its 3’UTR. Finally, these 
studies have shown that p38g/p38d are regulating general translation in a 
cap-independent manner (Fig R-22). 
 
Figure R-22. Schematic representation of p38g and p38d biological function in 
macrophages. p38g/p38d regulate Tpl2 by interaction to maintain steady-state protein 
levels. p38d modulates Tpl2 mRNA translation by regulating its 3’UTR. p38g/p38d 












 Chapter 3. New roles of p38g and p38d in macrophages. 
We next wanted to investigate the roles of p38g/p38d in macrophages that 
were Tpl2-independent. We have demonstrated that loss of p38g/p38d 
decreases Tpl2 protein levels, which is a key protein that modulates 
cytokine production in macrophages. Tpl2 protein stability depends on 
Tpl2/ABIN2/p105 complex formation (Lang et al., 2004; Papoutsopoulou 
et al., 2006). Since we have evidence that p38g interacts with Tpl2, and p38g 
regulates protein complexes composition independently of its kinase 
activity, we hypothesised that just the expression of p38g would be enough 
to maintain Tpl2 protein levels as in WT. We then decided to generate a 
new mouse line that expressed inactive p38g (p38g171A/171A) and does not 
express p38d (p38d-/-) (Sabio et al., 2005, 2010).  
 
 The generation and characterization of p38g171A/171A/p38d-/- 
mouse. 
We generated a new p38g171A/171A/p38d-/- mouse line by crossing p38g171A/171A 
mice, that express inactive kinase p38g, and p38d-/- mice, which does not 
express p38d. Both mice have a C57BL/6 genetic background and were 
generated previously in our laboratory (Sabio et al., 2005, 2010). We 
genotyped the new p38g171A/171A/p38d-/- mouse line by PCR as described in 
Methods and in (Sabio et al., 2005, 2010), using p38g/d-/- and p38g171A/171A 
mice as positive controls, and WT as a negative control (Fig. R-23A). 
 To demonstrate that p38g171A/171A/p38d-/- mice had inactive p38g 
and do not express p38d, we isolated primary MEFs from WT and 
p38g171A/171A/p38d-/- mice. We first checked p38g and p38d expression by 
immunoblot and we observed that p38g171A/171A/p38d-/- MEF expressed 
p38g, whereas p38d was not detectable (Fig. R-23B). The levels of 
expression of p38a, ERK1/2, ERK5 and JNK, were similar in WT and 






p38g171A/171A/p38d-/- mice was inactive. For this we stimulated MEFs primary 
cells with sorbitol to induce osmotic shock. Under these conditions 
p38MAPK, JNK and ERK5 are activated. We observed phosphorylation of 
p38a, p38g, JNK and ERK5 in both WT and p38g171A/171A/p38d-/- MEF (Fig. 
R-23B, C, D). It has been previously described that p38g is responsible, 
under osmotic shock, for the phosphorylation of hDlg/SAP97 in phospho-
Ser158 (Sabio et al., 2010); we then examined hDlg/SAP97 in 
p38g171A/171A/p38d-/- cells. hDlg/SAP97 was not phosphorylated at residue 
Ser158 in sorbitol stimulated p38g171A/171A/p38d-/- MEF when comparing 
with WT MEF, showing that p38g171A/171A/p38d-/- cells express inactive p38g 
(Fig. R-23D). 
 
Figure R-23. Generation of p38g171A/171A/p38d-/- mouse. A) p38g171A/171A and p38d-/- genomic 
DNA purified from tail biopsy sample was used as a template for PCR, electrophoresed 
on a 1% agarose gel and examined by ethidium bromide staining. B, C, D) primary MEFs 
from WT or p38g171A/171A/p38d-/- mice in control or osmotic shock conditions (15 min 
sorbitol at 0.5 M). B) MEF lysates (30 µg) were immunoblotted with the indicated 
antibodies. C) p38g was immunoprecipitated with 2 mg of cell lysates with anti-p38g 






































































p38g or anti-p38g. D) hDlg/SAP97 was immunoprecipitated from 1 mg of cell lysates with 
the anti-SAP97 coupled to protein G-sepharose and immunodetected with anti-P-Ser158-
SAP97 or anti-SAP97. Representative blots from two independent experiments are shown. 
 
4.4.1 p38g expression is necessary for the activation of ERK1/2 in LPS 
stimulated macrophages. 
We first examined Tpl2 and ABIN2 protein levels in p38g171A/171A/p38d-/- 
and found that BMDM express Tpl2 and ABIN2 (Fig. R-24A), indicating 
that p38g expression, independently of its kinase activity, was essential to 
maintain Tpl2 and ABIN2 steady-state levels.   
 Then we study the role of p38g and p38d in innate immune 
response. We performed an in vitro comparative analysis of BMDM 
activation. For this, we prepared BMDM from WT, p38g171A/171A, p38g-/-, 
p38g171A/171A/p38d-/- and p38g/d-/- mice and stimulated them with LPS to 
activate TLR4 receptor signalling pathway (Fig. R-24A). We examined 
Tpl2 and ABIN2 protein levels, and confirmed that WT, p38g171A/171A, p38g-
/- and p38g171A/171A/p38d-/- cells, but not p38g/d-/- BMDM expressed normal 
levels of Tpl2 and ABIN2 (Fig. R-24A). We examined the transient 
phosphorylation of ERK1/2, finding that this was blocked in the absence 
of both p38g/p38d in LPS stimulated BMDM. In contrast, in p38g171A/171A, 
p38g-/- and p38g171A/171A/p38d-/- cells, were found to have the same transient 
phosphorylation of ERK1/2 than in WT BMDM (Fig. R-24A). JNK 
phosphorylation in LPS stimulated p38g/d-/- BMDM was consistently 
delayed when comparing with WT, p38g171A/171A, p38g-/- and 
p38g171A/171A/p38d-/- BMDM (Fig. R-24A). Finally, we observed that p38a, 
and p105 transient phosphorylation was similar in all genotypes under 
LPS stimulation. Our results show that WT, p38g171A/171A, p38g-/- and 
p38g171A/171A/p38d-/- BMDM express active Tpl2, while the loss of p38g and 
p38d blocked ERK1/2 phosphorylation because of the significant decrease 
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Figure R-24. MAPK signalling activation and cytokine production induced by LPS in 
p38g171A/171A/p38d-/- BMDM. BMDM from WT, p38g171A/171A, p38g-/-, p38g171A/171A/p38d-/- and 
p38g/d-/- mice were stimulated with 100 ng/ml of LPS in the indicated times. A) Cell 
lysates (30 µg) were immunoblotted with the indicated antibodies. B to G) Total mRNA 
levels of B, E) IL1b, C, F) IFNb and D, G) TNFa were measured by qPCR in BMDM. Data 
show mean ± SEM from one representative experiment of three with similar results. *P
0.05, **P0.01, ***P0.001 relative to WT control. 
 
 Quantitative PCR was used to determine the effect of p38g/p38d 
activities in LPS induced cytokine transcription in BMDM. (Fig. R-24B to 
G). We observed that loss of either p38g alone or p38g/p38d reduced LPS 
induction of IL1b mRNA, whereas IFNb mRNA production was increased 
(Fig. R-24B, C, E and F). Presence of inactive p38g in p38g171A/171A and 
p38g171A/171A/p38d-/- cells, was sufficient to maintain normal transcription 
levels of IL1b and IFNb mRNA (Fig. R-24B, C, E and F).  Our results indicate 
that p38g regulates IL1b and IFNb mRNA transcription independently of 
its kinase activity. On the other hand, the production of TNFa mRNA was 
unaffected by the loss of p38g (activity or protein) and p38d (Fig. R-24D 
and G). 
 
4.4.2 p38g171A/171A/p38d-/- mice have the same behaviour as the WT mice 
in the LPS/D-Gal induced sepsis. 
LPS/D-Gal induced septic shock is a well-characterized mouse model in 
which the innate immune response leads to sepsis by the overproduction 
of cytokines. Bacterial LPS is a TLR4-ligand, while D-Gal is a 
transcriptional inhibitor that enhances septic shock by inhibiting hepatic 
transaminase. To study the role of p38g and p38d in septic shock induced 
by LPS/D-Gal intraperitoneal injection, we used sex- and age-matched 
WT, p38g171A/171A, p38g-/-, p38d-/-, p38g171A/171A/p38d-/- and p38g/d-/- mice. We 
confirmed that mice with complete loss of both p38g and p38d were the 






The rest of the mouse line examined behaved similar to WT mice (Fig. R-
24B). Surprisingly, p38g171A/171A/p38d-/- mice died at similar rate than WT 
indicating that just p38g expression was sufficient to revert the effect 
caused by the lack of p38g and p38d in p38g/p38d-/- mice (Fig. R-24B). 
 To examine if p38g and p38d deficiency affected cytokine release 
in vivo, we measured, by Luminex, proinflammatory (TNFa and IL6) and 
anti-inflammatory (IL10) cytokines from mouse serum at 2 h post-
injection. We observed that TNFa was substantially reduced in p38g-/-, 
p38g171A/171A/p38d-/- and p38g/d-/- mice, indicating that this cytokine 
production is dependent on the kinase activity of p38g (Fig. R-25C). IL6 
was severely decreased in p38g/d-/- mice, while p38g171A/171A, p38g-/-, p38d-/- 
and p38g171A/171A/p38d-/- had similar results to WT (Fig. R-25D). These 
results suggested that Tpl2/ABIN2/p105 complex is essential for the 
induction of IL6 production. The last cytokine we measured was the anti-
inflammatory cytokine IL10 (Fig. R-25E), which significantly increases in 
p38d-/- and decreases in p38g/d-/- mice. In contrast, IL10 production in 
p38g171A/171A, p38g-/-, and p38g171A/171A/p38d-/- mice were not significantly 







Figure R-25. LPS/D-Gal septic shock induces the same mortality in p38g171A/171A/p38d-/- 
as in WT mice. A) and B) Mice were injected with LPS (50 µg/kg of mouse) and D-Gal (1 
g/kg of mouse) and survival was monitored until 36 h. A) WT (n = 31) and p38g/d-/- (n = 
18). B) WT (n = 31), p38g171A/171A (n = 13), p38g-/- (n= 20), p38d-/- (n = 11) and p38g171A/171A/p38d-






















































































































































































relative to WT by Kaplan-Meier test and Log-rank curve comparison. C, D, E) Mice were 
bled at 2 h post- LPS/D-Gal injection and C) TNFa, D) IL6 and E) IL10 were measured by 
Luminex assay (n = 3 – 6) from the serum. Data show mean ± SEM from one 
representative experiment of two with similar results. *P0.05, **P0.01, ***P0.001 
relative to WT control. Each symbol represents a mouse. 
 
 In the LPS/D-Gal septic shock model, D-Gal enhances the 
response promoting liver damage by inhibiting hepatic transaminase. We 
extracted the liver at 6 h post-injection to evaluate the damage caused by 
LPS/D-Gal. We evaluated haemorrhage and measured the apoptotic levels 
as markers of hepatic damage. First, we analysed the bleeding of the liver 
by haematoxylin and eosin staining (Fig. R-26A). We observed that 
p38g171A/171A and p38g171A/171A/p38d-/- mice had more haemorrhage that the 
other genotype (Fig. R-26A). Secondly, we quantified the apoptosis in the 
liver using TUNEL staining. The level of apoptosis in p38g171A/171A mice was 
higher than in the rest of the mouse line, although this was not statistically 
different from WT mice (Fig. R-26B, C). 
 TNFa production levels correlated with the apoptotic state of the 
liver, but this result did not entirely correlate with the survival curves of 







Figure R-26. p38g affects liver damage caused by LPS/D-Gal induced septic shock. 
Mice were injected with LPS (50 µg/kg of mouse) and D-Gal (1 g/kg of mouse) and liver 
was analysed at 6 h post-injection. A) The liver of WT, p38g171A/171A, p38g-/-, 
p38g171A/171A/p38d-/- and p38g/d-/- was extracted and liver sections stained with 
Haematoxylin/eosin (n= 3). B, C) Livers from WT, p38g171A/171A, p38g-/-, p38d-/-, 
p38g171A/171A/p38d-/- and p38g/d-/- mice (n = 6) were extracted at 6 h post-injection. Liver 
sections were stained with TUNEL and positive/negative cells were quantified with image 
j programme and the % of apoptotic cells per section calculated. Cells from 25 sections 
were counted per mouse. Data show mean ± SEM from one representative experiment 








































































4.4.3 Analysis of the TLR4-induced gene expression in 
p38g171A/171A/p38d-/- BMDM. 
We next examined gene expression regulated by p38g/p38d, but not by 
Tpl2, in macrophages. For this, we performed RNA-sequencing of BMDM 
from WT and p38g171A/171A/p38d-/- mice, stimulated or not with LPS for 30 
or 60 min. 
 To study TLR4 signalling pathway in more depth, we designed an 
experiment for RNA-sequencing analysis. This experiment was 
performed in BMDM stimulated with LPS for 0, 30 and 60 min from 6 
different male mice that were age-matched for WT and p38g171A/171A/p38d-
/- cells (Fig. R-27A). 
 Difference between p38g171A/171A/p38d-/- vs WT for each of the time 
points were calculated obtaining p-value and log2FC for each gene. The 
selected genes were statistically significant, p-value <0.05, and with a 
selected expression level, -1.5<logFC<1.5. Basal transcript level 0 and 30 
min had ~30 genes, while at 60 min samples increased to ~70 genes (Fig. 
R-27A). As expected, LPS induced the expression of more genes with time 
and the difference between WT and p38g171A/171A/p38d-/- mice was more 
significant. To assess the overall similarities between the selected gene we 
plotted the Euclidean distance between principal components analysis 
(PCA), it indicates that WT 0 and 60 min have very similar behaviour and 
it is 30 min that has a more differentiated behaviour (Fig. R-27B). For 
p38g171A/171A/p38d-/- macrophages we observed that all three conditions 
differ and the ellipse represented the variability of a broad type of 
response. We represented the 78 differentially expressed genes in a 
heatmap representation, here we observed that many of the genes are 
overexpressed mostly in p38g171A/171A/p38d-/- BMDM after 60 min LPS 


















































































































































































































Figure R-27. Bioinformatical differential analysis of RNA-sequencing data from 
p38g171A/171A/p38d-/- LPS stimulated BMDM. BMDM from 6 WT or p38g171A/171A/p38d-/- 
male mice were non-stimulated or stimulated with LPS for 30- or 60- min. Using R with 
Bioconductor packages (DESeq2 1.18.1 package) (Love et al., 2014) logFC and adjusted p-
value was calculated. A) Number of filtered up- and down-genes, with adjusted p-value 
<0.05 and -1.5<logFC<1.5 comparing p38g171A/171A/p38d-/- control vs WT control, 
p38g171A/171A/p38d-/- 30 min vs WT 30 min stimulation with LPS and p38g171A/171A/p38d-/- 60 
min vs WT 60 min stimulation with LPS. B) PCA plot of the Euclidian distance between 
the selected list of 78 genes obtained and visualized with the web tool ‘clustvis’. C) 
Heatmap representation with the web tool ‘clustvis’. 
 
 To validate the RNA-sequencing analysis we selected a few genes 
(nos2, sik1 and camk2b) and performed quantitative PCR analysis. We 
observed that nos2 (nitric oxide synthesis), sik1 (salt-induced kinase) and 
camk2b (Calcium/Calmodulin Dependent protein kinase II beta) are 
altered by the loss of p38d. nos2 mRNA is induced by LPS stimuli, while 
sik1 mRNA is decreased at basal state levels and does not change with LPS 
stimulation (Fig. R-28A and B). On the other hand, camk2b was blocked by 
p38d from basal state and could not decrease with LPS stimulation. At the 
same time, camk2b was also regulated by the kinase activity of p38g 







Figure R-28. Validation of p38g171A/171A/p38d-/- BMDM RNA-sequencing analysis. 
BMDM from WT, p38g171A/171A, p38d-/- and p38g171A/171A/p38d-/- mice were stimulated with 
100 ng/ml of LPS for the indicated times. Relative mRNA expression was determined by 
qPCR for A) nos2, B) sik1 and C) Camk2b. Results were normalized to b-actin mRNA 
expression and x-fold induction was calculated relative to WT expression at 0 h. Data 
show mean ± SEM from one representative experiment of two in triplicate, with similar 
results. *P0.05, **P0.01, ***P0.001 relative to WT control. 
 
 We next performed functional classification analysis of the 78 
selected genes using the Database of Annotation, Visualization and 
Integrated Discovery (DAVID) Bioinformatic resources through 
classification into Gene ontology (GO) categories as well as KEGG, and 
found that the genes are related with innate immune response to virus and 




















































































































Figure R-29. DAVID enrichment analysis of the selected genes from WT and 
p38g171A/171A/p38d-/- LPS stimulated BMDM. BMDM from 6 WT or p38g171A/171A/p38d-/- 
male mice were non-stimulated or stimulated with LPS for 30- or 60-min. Selection of 
differentially expressed genes were analysed for enrichment with DAVID for A) GO 
terms and B) KEGG pathways. 
 
 In KEGG pathway enrichment analysis Herpes simplex infection, 
influenza A and Tuberculosis were the most enriched terms (Fig. R-29B). 
This analysis indicated that p38g and p38d deficiency affects TLR4 
signalling and that they are involved in virus defence, while p38d in 
particular regulates IFN type I transcription (Fig. R-30). 
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Figure R-29. Schematic representation of TLR4 signalling in macrophages. TLR4-MD2 
activation recruits IRAK family proteins activations TRAF6 and forming the Myddosome 
supramolecular complex. TRAF6 activates MAP3K TAK1 that activates IKKb-Tpl2-MKKs 
while activating at the same time MKKs. MAPKs are then activated and cytokine 
production is induced. Once LPS-TLR4-MD2 is activated it is also internalised where 
through the early endosome interacts with TRAM/TRIF for Triffosome formation. This 
complex activates TRAF3 and 6 for IRF3 translocation to induce IFN type I production, 






























































 Chapter 1. C. albicans signalling pathway in BMDM. 
Our research shows that p38g/p38d are essential for the cytokine 
production in macrophages in response to Dectin-1 receptor activation. 
Using BMDM from different knock out mice in combination with kinase 
inhibitors, we have been able to amplify the knowledge of Dectin-1 
signalling pathway in macrophages. Dectin-1 receptor is one of the main 
CLR in macrophages and is activated by C. albicans infection. The absence 
of p38g/p38d in macrophages infected with C. albicans induces a decrease 
in the production of cytokine and chemokine that play an important role 
during fungal infection (Alsina-Beauchamp et al., 2018; Brown, 2011; 
Swamydas et al., 2015). We have previously described that in p38g/d-/- 
BMDM cytokine and chemokine production is disrupted due to the 
regulation of steady-state levels of Tpl2 by p38g/p38d (Risco et al., 2012). 
In this thesis, we have demonstrated that Tpl2-MKK1-ERK1/2 signalling is 
downstream of Dectin-1 receptor in BMDM, therefore the absence of 
p38g/p38d blocks Dectin-1 signalling and cytokine production. It was 
previously known that Dectin-1 receptor activated ERK1/2 and NF-kB 
canonical pathways (Geijtenbeek and Gringhuis, 2009; Netea et al., 2015; 
Reid et al., 2009), nevertheless the intermediate steps to achieve this 
activation were not known. After the specific stimulation with Curdlan, the 
Syk adaptor molecule is recruited to Dectin-1 receptor, this is required for 
the assembly of two protein complexes: CARD9/RasGRF1/H-Ras (Jia et al., 
2014) and CARD9/BCL-10/MALT1 (Cohen, 2014; Geijtenbeek and 
Gringhuis, 2009). The first complex CARD9/RasGRF1/H-Ras, has been 
shown to activate Raf-1 in BMDM. The Raf-1 inhibitor, Sorafenib, blocked 
ERK1/2 phosphorylation in response to the specific Dectin-1 agonist, 
curdlan, concluding that Raf-1 was the kinase responsible for MKK1-






second complex, CARD9/BCL-10/MALT1, we describe in this thesis that 
activates the TAK1-IKKb-Tpl2-MKK1-ERK1/2 signalling. It has been shown 
that the SMOC formation is essential for TAK1 activation and signalling of 
IKK complex (Cohen, 2014; Geijtenbeek and Gringhuis, 2009; Gorjestani 
et al., 2012; Kieser and Kagan, 2017). Therefore, we propose that Dectin-1 
receptor induces Syk-SMOC-TRAF6-TAK1-IKKb-Tpl2-MKK1-ERK1/2 
signalling in macrophages. In consequence, the absence of p38g/p38d 
disrupts this signalling pathway by regulating the steady state levels of 






 Chapter 2. Regulation of Tpl2/ABIN2 protein levels by 
p38g and p38d. 
Tpl2/ABIN2/p105 complex is essential to induce cytokines and 
chemokines production in the inflammatory process. The absence of 
p38g/p38d decreases Tpl2 and ABIN2 steady-state protein levels of by an 
unknown mechanism, and therefore blocks TLR4 signalling pathway. This 
chapter was dedicated to unravel the mechanism by which p38g/p38d 
regulate Tpl2/ABIN2 protein levels (Risco et al., 2012). 
 First, we established that the absence of p38g/p38d induced the 
decrease of Tpl2 and ABIN2 protein levels in the whole mice. We analysed 
by immunoblot Tpl2 and ABIN2 in different tissues comparing WT with 
p38g/d-/- mice, and found that Tpl2 and ABIN2 protein levels in different 
mouse tissues were lower in p38g/d-/- compared to WT. One of the 
processes regulated by Tpl2 and ABIN2 in macrophages is the production 
of cytokines after TLR activation (Gantke et al., 2011; Xu et al., 2018). We 
observed that peritoneal macrophages from p38g-/- and p38d-/- mice had 
less Tpl2 than WT, while ABIN2 proteins levels were similar to WT. In 
contrast, p38g/d-/- peritoneal macrophages had lower protein level of both 
Tpl2 and ABIN2 than p38g-/-, p38d-/- or with WT cells. These results 
indicated that the regulation of the steady-state levels of Tpl2 by 
p38g/p38d was stronger than the regulation of ABIN2. 
 We also have used MEF, among others, to study how p38g/p38d 
regulate Tpl2 and ABIN2 steady-state protein levels. MEF cells have been 
widely used by other laboratories to study Tpl2 signalling pathway, in 
parallel to primary cells studies (Xiao et al., 2014). It has been shown that 
in MEF, TNFa and IL1b activate Tpl2 signalling (Das et al., 2005), and that 
TAK1 activates Tpl2 (Xiao et al., 2014). We checked if p38g/d-/- MEF had 
the same levels of Tpl2 and ABIN2 than WT, and, examining phospho-
ERK1/2, if the LPS stimulated signalling pathway was blocked by the 






p38g/d-/- BMDM, they have lower Tpl2 and ABIN2 protein levels than WT 
cells and ERK1/2 phosphorylation was blocked after LPS stimulation. 
 Tpl2 has been thoroughly studied and it was discovered, by Steve 
Dr. Steve Ley´s laboratory, to be part of the Tpl2/ABIN2/p105 ternary 
complex (Lang et al., 2004). Other interactors have been reported for this 
complex, such as the member of the NF-kB family, the protein RelAP43 
with a role in rabies virus infection (Besson et al., 2017) or 14-3-3 proteins 
that interact with phosphorylated Tpl2 C-terminal domain and are 
needed for the correct activation of ERK1/2 (Ben-Addi et al., 2014). Tpl2 is 
found unstable when is not in a protein complex, so our hypothesis was 
that p38g and/or p38d were interacting with Tpl2 and therefore stabilizing 
it (Lang et al., 2004). Our results from gel filtration experiments indicated 
that, at least p38d, could interact with the Tpl2/ABIN2/p105 complex in 
the mouse macrophage cell line Raw264.7. We found that all the proteins 
from the ternary complex, Tpl2/ABIN2/p105, co-eluted together above 
669 KDa fraction, which correlated with results from other groups (Gantke 
et al., 2013). We observed that p38d was predominantly found co-eluting 
with the complex above 669 KDa fraction. In contrast, p38g was 
predominantly eluting at its monomeric molecular weight fraction (~40 
KDa). These results suggested a possible interaction of p38d with 
Tpl2/ABIN2/p105 complex. Nonetheless, we cannot exclude the 
possibility that p38g was also interacting with the Tpl2/ABIN2/p105 
complex, since: i) we needed to delete p38g/p38d together to completely 
diminish the protein levels of Tpl2 and ABIN2; and ii) these two p38 
isoforms have high sequence homology, of ~70%, and one can substitute 
the other in certain complexes as it has been shown with their interaction 
with DEPTOR (González-Terán et al., 2016). Our results from pull-down 
assays in HEK293 cells overexpressing the Tpl2/ABIN2/p105 complex 
with p38g or p38d, showed that the complex interacted with either 







 The function of Tpl2/ABIN2/p105 ternary complex is to 
maintain the steady-state protein levels of Tpl2 and ABIN2 and prevent 
them from being proteolyzed by the proteasome (Lang et al., 2004; 
Sriskantharajah et al., 2014). To determine if the role of p38g/p38d was to 
maintain the complex stability we analysed Tpl2 and ABIN2 stability in 
p38g/d-/- cells and compared with WT. Our results indicated that GST-
Tpl2 was less stable when expressed in p38g/d-/- than in WT MEF, while 
GST-ABIN2 was found to have similar stability levels in WT and p38g/d-/- 
MEF. Similar results were observed with endogenous Tpl2 and ABIN2 and 
BMDM and MEF. When we studied Tpl2 stability in single knock-outs, 
p38g-/- and p38d-/- MEFs, to elucidate which specific p38 isoform is 
regulating it, we obtained similar results as the ones in p38g/d-/- MEF. This 
indicate that either p38g or p38d can stabilise Tpl2, and agrees with: i) the 
results obtained from the interaction experiments in which both 
p38g/p38d bind to Tpl2; ii) with the observation that Tpl2 protein levels in 
p38g-/-, p38d-/- and WT MEF and BMDM are similar, and iii) that to see a 
complete decrease in Tpl2 levels the deletion of both p38g/p38d is 
necessary. Tpl2 and ABIN2 stability are intricately related, since these two 
proteins regulate each other (Lang et al., 2004; Sriskantharajah et al., 2014). 
Therefore, it is possible that p38g/d-/- MEF did not express Tpl2 because 
did not have ABIN2. We observed that ABIN2 and p38g/p38d stabilized 
GST-Tpl2 in p38g/d-/- MEF although not to the same extent than in WT 
MEF. 
 Both Tpl2 and ABIN2 are continuously proteolyzed by the 
proteasome (Gándara et al., 2003; Lang et al., 2004). By inhibiting the 
proteasome in p38g/d-/- MEF or BMDM we tested if Tpl2 protein increased 
and if this increase reached similar levels of that of WT cells in the same 
conditions. Tpl2 protein levels increase in both WT and p38g/d-/- BMDM, 
and similar results were obtained in MEF, although the effect in these cells 






in p38g/d-/- cells incubated with the proteasome inhibitor MG132 never 
reached the levels of that in WT treated with MG132 suggesting that there 
was another mechanism (different that of proteolysis) at play to explain 
the low Tpl2 protein levels in p38g/d-/- cells. On the other hand, after 
MG132 treatment, ABIN2 protein was increased in p38g/d-/- cells, but again 
never to the levels found in WT post-MG132 incubated cells. The same 
result was observed in MEF and BMDM. Tpl2 and ABIN2 protein levels in 
p38g/d-/- cells were lower than those of WT cells, although mRNA studies 
showed that Tpl2 and ABIN2 mRNA total levels and transport was the same 
in WT and p38g/d-/- cells. These results together indicated that the 
translation of Tpl2 and ABIN2 mRNA to Tpl2 and ABIN2 protein is 
deceased in p38g/d-/- cells, and therefore, p38g/p38d might be regulating 
the specific translation of Tpl2 and ABIN2 mRNA. 
 We first analysed polysome profiles of WT and p38g/d-/- MEF to 
check if p38g/p38d were altering the general translation proteins, and then 
extracted and quantified Tpl2 and ABIN2 mRNA from polysome fractions 
to examine if there were any difference in their fraction distribution 
between WT and p38g/d-/- MEF. Polysome profile analysis was performed 
to separate free ribosomes and ribosomal subunits (40S, 60S and 80S 
monosome) from translating ribosomes (polysomes) of WT and p38g/d-/- 
MEF lysates, in sucrose gradient. When comparing p38g/d-/- and WT MEF 
polysome profiles we observed that p38g/d-/- cells had higher 256 nm 
values in the ribosomal subunits 40S and 60S, while 256 nm values were 
lower in the polysome region indicating less translation. We generated 
Flp-In T-REx HEK293 p38g/d-/- cells to test the consistency of the 
polysome results in a human cell line, and we found similar results to those 
in MEFs. These results indicated lower translation in p38g/d-/- in 
comparison with WT Flp-In T-REx HEK293, since we observed higher 
256 nm values of 80S monosome fraction and lower in the polysome 






only regulating Tpl2 and ABIN2 protein levels but also regulating general 
protein translation in mouse and in human cells. Quantification of Tpl2 
and ABIN2 mRNA levels from polysome profile fractions show that Tpl2 
mRNA was more abundant in the 40S and 60S ribosomal subunits 
fractions and in the 80S monosome in p38g/d-/- when compared with WT 
MEF. Opposite results were obtained in the polysome fractions, where 
Tpl2 mRNA in p38g/d-/- MEF in the polysome fractions was lower than in 
the WT MEF polysome fractions. Regarding ABIN2 mRNA we found that 
it accumulated in the first fractions (supernatant, fractions with ribosomal 
material) in p38g/d-/- compared to WT MEF. With these results we 
confirmed that both Tpl2 and ABIN2 mRNA are regulated at translational 
level by p38g and/or p38d, which would regulate specific mRNA 
translation of Tpl2 and ABIN2, and general protein translation. The 
regulation of the general protein translation by p38g and/or p38d could be 
due to their effect on Tpl2 protein levels itself, since p38g/d-/- cells do not 
have Tpl2 and this protein has already been established to be involved in 
regulating cap-dependent translation (López-Pelaéz et al., 2012). 
 Analysing Tpl2 and ABIN2 mRNA sequences, using several 
databases and the bibliography, we performed a theoretical study to 
identify possible regulators of their translation, and we selected RBPs that 
could be regulated by p38g/p38d. These RBPs, ZFP36, NONO and PABPC1, 
bind to the 3’UTR mRNA sequences of both Tpl2 and/or ABIN2 mRNA, 
and could be regulated by p38MAPK (Tiedje et al., 2016). ZFP36, has been 
demonstrated to be phosphorylated by p38a/MK2 signalling (Chrestensen 
et al., 2004); NONO appears interacting with p38g in our interactome 
analysis; and PABPC1, induces ribosome recruitment and translation 
initiation through p38a/MK2 signalling (Bollig et al., 2003). To study if 
p38g/p38d regulate Tpl2 and ABIN2 protein translation by affecting the 
Tpl2 and ABIN2 3’UTRs, we cloned these sequences in bicistronic 
luciferase reporter vectors. With this bicistronic reporter system we can 






using an empty vector as control. We found that Tpl2 3’UTR repressed 
Renilla expression in p38g/d-/- cells, comparing with WT, whereas ABIN2 
3’UTR did not alter Renilla translation. It seems to exist more than one 
mechanism regulating specific protein translation and we also have to 
consider that Tpl2 is known to regulate cap-dependent translation (López-
Pelaéz et al., 2012), which could be affecting ABIN2 specific translation in 
p38g/d-/- cells that express low levels of Tpl2. With the generation of 
p38g/d-/- MEF that stably express either p38g or p38d, we show evidence 
that p38d alone rescued Tpl2 protein translation (Renilla-Tpl2 3’UTR 
translation) and expression (immunoblot). We silenced the RBPs, ZFP36, 
NONO and PABPC1 in WT and p38g/d-/- MEF, but we did not reach a 
definitive conclusion from these experiments due to not observing a 
decrease in the expression of Tpl2 in silenced WT to the same levels of 
found in p38g/d-/- MEF. 
 To elucidate the molecular mechanism(s) by which 
p38g/p38d regulate protein translation (the general and specific of Tpl2 
and ABIN2 mRNA) we determined their interactome and phospho-
proteome in macrophages. We found that the group of proteins that bind 
to p38g was significantly enriched in ribosomal proteins; therefore, we 
expected p38g to play important role in the translation process. p38g could 
be modulating translation by affecting the composition of ribosomal 
protein complex and therefore, regulating mRNAs selectively (Shi et al., 
2017). At the same time, p38d interacts with two eukaryotic elongation 
factors, eEF2 and eEF1A. It has been already shown that p38d regulate eEF2 
in vitro and in vivo by controlling phosphorylation of its kinase eEF2K 
(González-Terán et al., 2013; Knebel et al., 2001). When we analysed 
different steps of mRNA translation using three bicistronic luciferase 
reporters, SV40-CAP, HCV-IRES and CrPV-IRES, we observed that the 
absence of p38g/p38d decreased both cap-dependent and -independent 






decrease of cap-dependent translation, in p38g/d-/- compared to WT cells; 
this result could be due two reasons. i) p38g/p38d have been reported to 
regulate mTORC1 and mTORC2 by binding and phosphorylating the 
mTOR inhibitor DEPTOR (González-Terán et al., 2016); however, we did 
not find DEPTOR interacting with either p38g or p38d in our macrophage 
interactome analysis; and ii) The absence of Tpl2 in p38g/d-/- cells reduced 
cap-dependent mRNA translation (López-Pelaéz et al., 2012). On the other 
hand, results using the CrPV-IRES luciferase reporter showed ~50% 
decrease in cap-independent translation in p38g/d-/- compared to WT cells. 
Translation in these conditions starts directly with the recruitment of the 
ribosomes (Petrov et al., 2016); this correlates with our interactome data in 
which p38g binds mainly to ribosomal proteins. All our results suggest that 
both p38g/p38d are regulating general translation of proteins through 
ribosomal proteins and elongations factors. 
 Data from the phospho-proteomic analysis show that in basal 
conditions p38g-/- macrophages there are more phosphorylated proteins 
than in WT cells, indicating that p38g is either repressing phosphorylation 
at basal condition or inducing the activity of phosphatase(s) for protein 
dephosphorylation. In contrast, p38d-/- macrophages show a down-
regulation of the phosphorylated proteins in general. Protein 
phosphorylation analysis of p38g/d-/- macrophages shows an intermediate 
situation between p38g-/- and p38d-/- phospho-proteomic results. 
According to the phospho-proteomic profile, p38g/p38d seem to have very 
different functions in macrophages; this is evident when examining the 
common phosphorylation peptides. Only two proteins are commonly 
phosphorylated in p38g-/-, p38d-/- and p38g/d-/- cells, this could be the result 
of compensatory pathways that appears when knocking out genes. Tharp3 
and Wdr33 were the two common phosphorylated protein. Both are 
involved in mRNA processing. Tharp3 is implicated in pre-mRNA splicing, 






Tpl2 and ABIN2 are the same in WT and p38g/d-/- cells. On the other hand, 
Wdr33 regulates poly(A) mRNA by  binding to the AAUAAA sequence, but 
the Tpl2 3’UTR cloned for the luciferase experiments did not include this 
sequence, although mouse Tpl2 3’UTR was found to have it in its 3’end of 
the mRNA (Chan et al., 2014; Schönemann et al., 2014). 
 The combined analysis of p38g/p38d phospho-proteomic and 
interactome analysis suggest a common role for p38g/p38d in the mRNA 
processing, which required both interaction with and phosphorylation by 
the kinases. 
 Future experiments studying the regulation of the identified 
proteins (interactome/phospho-proteome) by p38g/p38d will help to 
elucidate and dissect the molecular mechanism by with these p38MAPK 
are controlling both general protein translation and the specific Tpl2 and 








 Chapter 3. p38g and p38d kinase function in macrophages. 
In this thesis we generated a new mouse line, which expresses inactive p38g 
(p38g171A/171A) and does not express p38d (p38d-/-), with the aim of studying 
the mechanisms by which p38g/p38d regulate innate immunity. In 
previous works we established that the main mechanism by which 
p38g/p38d were affecting the survival of the mice in a septic shock model 
was the over production of cytokines. In p38g/d-/- macrophages, the main 
cells involved in the cytokine production after LPS challenge, was 
impaired due to the absence of the Tpl2/ABIN2/p105 complex. We 
thought that p38g171A/171A/p38d-/- mouse could be a very good tool to study 
the role for p38g/p38d in innate immune response, since this mouse has 
no active p38g or p38d, and the masking effect by the absence of 
Tpl2/ABIN2/p105 complex in p38g/d-/- BMDM would be eliminated. So, 
we then started to study the role of p38g/p38d in sepsis using this new type 
of mice. 
 The first analysis was the activation of MAPK signalling pathway 
in BMDM stimulated with LPS, observing that p38g171A/171A/p38d-/- mouse 
have active Tpl2/ABIN2/p105 complex. This confirmed that the new 
mouse line was a good tool to study the role of p38g/p38d, and eliminates 
the masking effect produced by the absence of Tpl2/ABIN2/p105 complex 
in p38g/d-/- cells. Ours and other laboratories had showed results indicating 
that p38g and p38d had different roles in innate immunity that were 
independent on the regulation of Tpl2/ABIN2/p105 complex levels 
(Alsina-Beauchamp et al., 2018; González-Terán et al., 2013; Linares et al., 
2015; Rajamäki Kristiina et al., 2016). We have shown that in response to 
LPS stimulation the IL1b mRNA production was impaired, whereas the 
IFNb mRNA transcription was enhanced in p38g/d-/- BMDM compared to 
WT cells (Risco et al., 2012); however, we observed that just the expression 
of p38g171A/171A was enough to induce the production of both IL1b and IFNb 






result indicates that p38g regulate cytokine production independently of 
its kinase activity, probably by binding to and regulating proteins or 
protein complexes implicated in this process. 
 More evidence of the importance of p38g activity independent 
on its canonical kinase activity were obtained from the classical septic 
shock model by injecting LPS/D-Gal to the different mouse lines. In these 
experiments we observed that p38g/d-/- mice were the ones that survived 
the most, as it was already described (Risco et al., 2012); however, the 
survival of p38g171A/171A/p38d-/- and WT mice was similar, which shows the 
importance of the p38g presence in this model. The use of D-Gal in the 
LPS/D-Gal mouse model causes liver damage and therefore, it affects the 
haemorrhage and apoptosis in the liver. Qualitative and quantitively 
analysis showed that liver haemorrhage and apoptosis were higher in 
p38g171A/171A than in WT and p38g-/- mice, suggesting that p38g has a role in 
liver damage induced by D-Gal both dependent and independent on its 
kinase activity. 
 The RNA-sequencing analysis in WT and p38g171A/171A/p38d-/- 
stimulated with LPS has allowed the identification of genes, whose 
transcription is specifically regulated by either p38d or p38g. These results 
showed an increase in IFN type I in the p38g171A/171A/p38d-/- mice and the 
signalling pathways affected were all related to virus infection. The 
increase in IFN type I could be because p38g/p38d are modulating TLR4 
signalling through the TLR4 that is internalized after Myddosome 
activation and so, future experiments will be searching for the activities 
performed by p38g/p38d in this area of the signalling pathway. 
 We decided then to use another approach to study the role of 
p38g/p38d in innate immunity by using RNA-sequencing to study the 
mRNA transcription that was affected by p38g/p38d in LPS stimulated 
BMDM. These results indicated a high upregulation of IFN type I in the 






related to virus infection.  
 The results from this thesis on the role of p38g/p38d in 
macrophages has unrevealed several unknown biological functions and 
signalling pathways. Published data had demonstrated that p38g/p38d 
maintains steady-state protein levels of Tpl2/ABIN2/p105 complex (Risco 
et al., 2012). We have discovered that Tpl2/ABIN2/p105 complex is a key 
complex in macrophages that regulates Dectin-1 signalling. We propose 
that Dectin-1 signalling involves de Mydossome formation and therefore 
it intertwines with TLR signalling in macrophages. TLR4 signalling had 
already been described to go through Tpl2/ABIN2/p105 complex and 
therefore be modulated by p38g/p38d. Dectin-1 and TLR4 receptors 
induce cytokines production in response to fungus or bacterial pathogens, 
orchestrating innate immune response where p38g/p38d are found to be 
essential. On the other hand, we have observed that p38g171A/171A/p38d-/- LPS 
stimulated macrophages (TLR4 signalling) induce an over-production of 
IFN type I, associating another biological function to p38g/p38d. 
 Because the regulation of steady-state protein levels of 
Tpl2/ABIN2/p105 complex is crucial in innate immunity and dependent 
on p38g/p38d, we studied the mechanism by which these two proteins 
regulated Tpl2/ABIN2/p105 complex. We found that, p38g/p38d bind to 
Tpl2 to maintain its stability and at the same time p38d modulates Tpl2 
translation through it 3’UTR. These studies have also opened a new field 
where the p38g/p38d appear modulating general cap-independent 








Figure D-1. Schematic representation of possible p38g/p38d roles in macrophages. The 
activation of LPS-TLR4-MD2 and Curdlan-Dectin-1-Syk-CARD9/Bcl10/MAPLT1 







































































and MKKs at the same time. MAPKs are then activated and cytokine production is 
induced. Once TLR4 is activated it is internalised in early endosome where interacts with 
TRAM/TRIF forming the Triffosome. This complex activates TRAF3 and 6 causing IRF3 
translocation to the nucleus and inducing IFN type I production. p38d seems to be 
involved in the regulation of IFN transcription. Dectin-1 receptor also activates Raf, that 
phosphorylated MKK1, via CARD9/RasGRP1/H-Ras. Finally, p38g/p38d are stabilizing 
Tpl2 through interaction. At the same time p38d induces Tpl2 mRNA translation 










1. Dectin-1 signalling pathway in BMDM activates ERK1/2 through two 
complexes, CARD9/RasGRF1/H-Ras and CARD9/BCL-10/MALT1. 
CARD9/RasGRF1/H-Ras complex activates Raf-1-ERK1/2 signalling, 
whereas CARD9/BCL-10/MALT1 complex activates TAK1-IKKb-
Tpl2-MKK1-ERK1/2 signalling. 
2. p38g and p38d modulate phosphorylation of ERK1/2 and cytokine 
production in Dectin-1 signalling pathway in BMDM by regulating 
proteins levels of Tpl2 and ABIN2. 
3. p38g and p38d regulate Tpl2 and ABIN2 steady-state protein levels 
in a wide range of tissues and cell types. 
4. p38g and p38d regulate Tpl2 stability by interacting with it and so 
preventing its degradation. 
5. p38g and p38d control general cap-independent protein translation. 
6. The specific translation of Tpl2 and ABIN2 mRNA is regulated by 
p38g and p38d. 
7. p38d controls Tpl2 translation through Tpl2 mRNA 3’UTR. 
8. p38g171A/171A/p38d-/- mice provides a new tool to study the role of p38g 
and p38d in innate immunity independently of Tpl2/ABIN2/p105 
complex. 
9. p38g independent kinase activity is enough to restore the 
Tpl2/ABIN2 protein levels, activate ERK1/2 and induce cytokine 










1. La vía de señalización de Dectin-1 en BMDM activa ERK1/2 a través 
de dos complejos, CARD9/RasGRF1/H-Ras y CARD9/BCL-
10/MALT1. El complejo CARD9/RasGRF1/H-Ras activa la 
señalización vía Raf-1-ERK1/2, mientras que el complejo 
CARD9/BCL-10/MALT1 activa la señalización vía TAK1-IKKb-Tpl2-
MKK1-ERK1/2. 
2. p38g y p38d modulan la fosforilación de ERK1/2 y la producción de 
citoquinas en la vía de señalización Dectin-1 en BMDM mediante la 
regulación de los niveles de proteínas de Tpl2 y ABIN2. 
3. p38g y p38d regulan los niveles de proteína en estado estable de Tpl2 
y ABIN2 en una amplia gama de tejidos y tipos de células. 
4. p38g y p38d regulan la estabilidad de Tpl2 al interactuar con él y 
evitar así su degradación. 
5. p38g y p38d regulan la traducción general de proteínas 
independiente de cap. 
6. La traducción específica de mRNA de Tpl2 y ABIN2 está regulada 
por p38g y p38d. 
7. p38d controla la traducción de Tpl2 a través de su 3'UTR. 
8. Los ratones p38g171A/171A/p38d-/- proporcionan una nueva 
herramienta para estudiar el papel de p38g y p38d en la inmunidad 
innata independientemente del complejo Tpl2/ABIN2/p105. 
9. La presencia de p38g independiente de su actividad quinasa es 
suficiente para restaurar los niveles de proteína Tpl2/ABIN2, activar 
ERK1/2 e inducir la producción de citoquinas en BMDM de TLR4 
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